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                                         1. Summary 
 
miRNA130a regulates zebrafish neurogenesis by targeting the Delta-
Notch pathway 
 
MicroRNAs (miRNAs) are short, 18-25 nucleotide RNA molecules that function as 
negative regulators of gene expression in eukaryotic organisms. They are	  involved	  in	  the	   regulation	   of	   gene	   expression	   during	   development,	   cell	   proliferation,	  differentiation,	   metabolism,	   apoptosis,	   and	   cancer.	   In	   this	   study,	   I	   analyzed	   the	  role	  of	  miRNA130a	  during	  neural	  development	   in	  zebrafish.	  Locked	  Nucleic	  Acid	  (LNA)	  in	  situ	  hybridization	  showed that miRNA130a is expressed ubiquitously in the 
central nervous system with particularly high levels in the brain starting from 24 hours 
post fertilization. Knock-down of miRNA130a resulted in disorganization of the mitotic 
progenitor domains and increased expression of deltaA, notch3 and neurogenin1, as 
well as defective neural differentiation. This suggests that miRNA130a is involved in 
the fine tuning of neural progenitor proliferation and differentiation in zebrafish. This is 
further supported by bioinformatics analysis and over-expression data which provide 
evidence that miRNA130a targets her12, one of hairy/enhancer-of-split-related 
paralogs in zebrafish. This indicates that miRNA130a controls neurogenesis by 










2. Introduction  
______________________________________________________ 
2.1 The structure and functions of microRNAs 
2.1.1 The role of microRNAs in development and disease 
MicroRNAs (miRNAs) are 18–25 nucleotide long single stranded RNAs that function to 
control gene expression. They act primarily as antisense inhibitors of mRNA translation. 
In C. elegans, 110 miRNAs have been reported while 140 are known in Drosophila 
melanogaster, and 400 in humans, which represents 1-2% of the number of protein-
coding genes in the respective species (Bartel, 2009). Phylogenetic studies uncovered 
conserved miRNA-binding sequences in more than one-third of all genes, implying that 
30% of protein-coding genes are regulated by miRNAs  and each miRNA targets at least 
1-50 mRNAs (Filipowicz et al, 2008; Lewis et al, 2005).  
The first identified miRNA, lin-4, and its target gene, lin-14, were discovered in C. 
elegans (Lee et al, 1993). In C. elegans, let-7 miRNA coordinates developmental timing 
by inhibiting lin-41 expression (Reinhart et al, 2000). Loss of let-7 causes re-initiation 
of larval cell fates during adult stages, whereas an increase in let-7 miRNAs causes 
precocious expression of adult cell fates during larval stages. The sequence and temporal 
expression patterns of miRNAs during development are highly conserved, i.e. let-7 RNA 
expression is first detected at late larval stages in C. elegans and Drosophila, at 48 hpf in 







suggest that let-7 plays an important role in controlling late temporal transitions during 
development across animal phyla and thus these miRNAs, lin-4 and let-7 are considered 
as pioneering members in the miRNA family. 
miRNAs play several important functions especially during development or in human 
diseases. They negatively regulate specific gene expression and act as regulators in the 
fine-tuning of gene function. Such fine tuning in animals is achieved by either degrading 
the target mRNA or inhibiting protein translation. In animals, miRNAs mediate 
repression mostly through inhibiting the protein translation rather than degrading the 
target mRNA (Bernstein et al, 2001). However, Yekta et al. (2004) reported HOXB8 
mRNA, a member of the Antp homeobox family, as a direct target of miRNA-196. 
Binding of this miRNA to the 3’-UTR of HOXB8 resulted in the direct cleavage of 
HOXB8 mRNA (Yekta et al, 2004). In contrast, in plants miRNAs generally have near 
perfect complementarity to their mRNA targets which leads to degradation of mRNA. In 
animals, miRNA sequences are well conserved in evolution, suggesting that they also 
have conserved functions in different organisms (Rajewsky, 2006). For example, 
miRNA1 has identical sequence in C. elegans and Drosophila and is one of the most 
highly conserved miRNAs. miRNA1 function is critical for normal muscle development, 
and it is positively regulated by myogenin and myoD. Over-expression or inhibition of 
miRNA1 promotes or inhibits mammalian muscle cell differentiation in vitro, 
respectively (Rao et al, 2006).  More recently, some miRNAs were shown to be 
implicated in human cancer, heart failure, and neurodegenerative diseases. It is therefore 







timing. Hereafter, some important reports on various roles of miRNAs in disease are 
briefly summarized: miRNA375 is specifically expressed in islet β-cells and regulates 
insulin secretion. Over-expression of miRNA375 suppresses glucose induced insulin 
secretion whereas inhibition causes enhanced insulin secretion (Poy et al, 2004). Liver 
specific miRNA122 is expressed at high levels in adult liver and regulates cholesterol 
homeostasis (Esau et al, 2006). In human, let-7 negatively regulates expression levels of 
the oncogene RAS and is implicated in lung oncogenesis, as loss of this miRNA promotes 
a small set of lung tumors (Johnson et al, 2005). In some subtypes of B-cell chronic 
lymphocytic leukemia, miRNA15a and miRNA16-1 (on chromosome 13q14) are deleted. 
These miRNAs target the anti-apoptotic gene BCL2. Loss of miRNA15a and miRNA16-1 
promotes high expression of BCL2 and abnormal survival of leukemic cells (Calin et al, 
2002; Cimmino et al, 2005). The miRNA17 cluster which includes miRNA175p, 
miRNA18a, miRNA19a, miRNA20a, miRNA19b1, and miRNA92 is frequently 
amplified in several types of lymphoma and solid tumors. O’Donell et al. (2005) showed 
that the miRNA17 cluster is upregulated by the oncogenic transcription factor c-Myc 
(O'Donnell et al, 2005; Ota et al, 2004). miRNA21 acts as an oncogene and its 
expression is highly elevated in glioblastoma tumors. Knock-down of miRNA21 
increases caspase activation, which increases apoptotic cell death and decreased tumor 
growth, while over-expression of miRNA21 promotes tumorigenesis by suppressing 
apoptosis (Chan et al, 2005). 







According to their distribution in the genome, two groups of miRNAs can be 
distinguished: intergenic miRNAs and intronic miRNAs. The intergenic miRNAs were 
discovered first. They were found in non-coding regions between protein-coding genes. 
Later, miRNAs were also found in introns of protein-coding genes. Previous  reports 
have shown that 50% of vertebrate miRNAs are intronic miRNAs (Griffiths-Jones, 
2007). Intergenic miRNAs genes have their own transcription regulatory elements, 
including promoters and terminators (Morlando et al, 2008), whereas intronic miRNAs 
are expressed from the host gene promoter by RNA polymerase II and require the RNA 
splicing machinery (John et al, 2004; Lee et al, 2004). In the nucleus, miRNA genes are 
transcribed into primary transcripts (pri-miRNA), which are several thousand bases in 
length (Bracht et al, 2004). Pri-miRNAs fold into a stem loop, a characteristic hairpin 
structure which contains a ~30 base-pair imperfect stem, large terminal loops and 
flanking unstructured RNA sequences (Cai et al, 2007). This characteristic stem loop is 
necessary and sufficient for recognition by a nuclear RNase III enzyme complex called 
Drosha. The pri-miRNAs are cleaved into shorter ~60-70 nucleotide long stem-loop 
transcripts with 3’overhangs of two nucleotides (pre-miRNA) by Drosha and its cofactor 
DGCR8 (Fig. 1) (Han et al, 2004).  
Pri-miRNA processing is a crucial step in miRNA biogenesis as it defines the future 
mature miRNA sequences and generates one end of the mature miRNA molecule. In the 
pre-miRNA, a two nucleotide 3’ overhang serves as structural requirement for 
recognition by the nuclear export factor exportin 5 which exports the pre-miRNA to the 







temporally between transcript incorporation into the spliceosome complex and intron 





Fig. 1. Biogenesis of miRNAs. 
microRNAs (miRNAs) are 
transcribed from miRNA genes 
and are processed from precursor 
molecules (pri-miRNAs). Pri-
miRNAs fold into hairpin 
structures containing imperfectly 
base-paired stem-loops and are 
processed in two steps, catalyzed 
by the RNase III type 
endonucleases Drosha and 
exported into the cytoplasm by 
exportin5, where they are cleaved 
by Dicer to yield ~20-bp miRNA 
duplexes. Before the formation of 
the active regulatory complex, the 
RISC loading complex the 
cleavage of the passenger strand 
requires the Argonaute catalytic 
activity. This results in the 
formation of RISC (RNA 
Inducing Silencing Complex). 















Exportin 5 facilitates miRNA biogenesis by monitoring the integrity of pre-miRNA and 
promoting efficient release of pre-miRNAs from Drosha in the nucleus (Lund et al, 
2004). Release of pre-miRNAs from Drosha in the nucleus depends on the level of Ran 
GTP and Drosha releases the pre-miRNA only when levels of Ran GTP are high. 
Conversely, in the cytoplasm when the level of Ran GTP is low, exportin5 releases pre-
miRNAs to Dicer for further processing. Following export to the cytoplasm, pre-miRNAs 
undergo processing by the RNA endonuclease Dicer. Dicer recognizes the 5’ phosphate 
and two nucleotide 3’ overhangs generated by Drosha. It cuts both strands of the pre-
miRNA leaving a 5’ phosphate and a 3’ two-nucleotide overhang. This newly formed 16-
24 nucleotide complex is named as miRNA:miRNA* duplex. Dicer is a member of the 
RNase III family of nucleases that specifically cleave double stranded RNAs. It is 
evolutionary conserved in flies, worms, fungi, plants, and mammals. Dicer contains a pair 
of catalytic RNAse III domains, a helicase domain and a PAZ domain. Before pre-
miRNA is processed by the RNase III motif in dicer, the PAZ domain recognizes the 
ends generated by Drosha cleavage and positions the cutting site to the RNAse III motif 
(Bernstein et al, 2001; Hutvagner et al, 2001). During this processing, miRNAs are 
assembled into ribonucleoprotein complexes (RNPs) called micro-RNPs or miRNA-
induced silencing complexes (miRNAISCs). The assembly of miRNAISCs is a dynamic 
process. The key components of miRNAISCs are proteins of the Argonaute family 
(AGO). During this process, one strand of the 16-24 nucleotide miRNA:miRNA* duplex 







(referred as passenger strand or miRNA*). The degree of complementarity between the 
miRNA and its binding site determines the mechanism of regulation (translational 
repression or mRNA degradation). Before the formation of the active regulatory 
complex, the RISC loading complex the cleavage of the passenger strand requires the 
Argonaute catalytic activity. Argonaute have two conserved domains, the PAZ domain, 
which was proposed to bind single stranded RNA and the PIWI motif, which shows 
structural homology to the active center of RNase H. Through this RNAse H activity it 
degrades the passenger strands (Hutvagner et al, 2008). Strand selection by the effector 
complex of RISC is biased and favors the 5’ end of the guide strand which has lower 
thermodynamic stability compared to the 5’ end of the passenger strand (Khvorova et al, 
2003). The asymmetric RISC formation can be further explained by the relative 
thermodynamic strength of the first four nucleotide pairs of the 5’ termini. The 
thermodynamic strength of the first four nucleotides can be calculated by nearest-
neighbor method, which can discriminate variations as small as a single hydrogen bond. 
Any small energy difference of ~0.3 kcal/mol is sufficient to show asymmetric RISC 
formation. In brief, strand selection is determined by the strength of base pairing at the 
ends of the miRNA:miRNA* complex. The strand with less-stable base paring at the 5’-
end or more A:U base pairs or mismatches is chosen for incorporation into RISC 
(Schwarz et al, 2003). 
2.1.3 Mechanisms of miRNA function 
Currently, there are two models for target mRNA regulation by miRNAs. The first model 







cleavage with subsequent mRNA degradation. In the second model, partial 
complementarity between the miRNA and the mRNA results in translational repression 
without mRNA cleavage (Pillai et al, 2007). 
2.1.3.1 miRNA directed mRNA decay 
Eukaryotic mRNAs are degraded by two major pathways: deadenylation–dependent and 
deadenylation-independent pathways (Parker et al, 2004). In both cases, the poly (A) tail 
at the 3’ end is removed, a process called deadenylation, followed by 3’-5’ 
exonucleolytic degradation by the exosome, a multimeric complex with 3’-5’exonuclease 
activity. After deadenylation, mRNA is decapped by the decapping enzymes Dcp1 and 
Dcp2. Decapped mRNAs are degraded in a 5’- 3’ direction by the abundant 5’ to 3’ exo-
ribonuclease Xrn1. It has been hypothesized that miRNAs degrade mRNAs through the 
recruitment of decay machinery components which leads to mRNA deadenylation and 
decapping. Afterwards mRNAs loaded with these Dcp complexes are exported to P-
bodies. Thus degradation occurs in P-bodies, which are enriched with endo and 
exonucleolytic enzymes. It was demonstrated in D. melanogaster S2 cells that GW182 
(P-body protein, gawky gene) interacts with miRNAISC component Argonaute1 which 
marks mRNA for decay. GW182 interacts with Argonaute1 resulting in the recruitment 
of Ccr4-Not1 deadenylase complex which subsequently exports the mRNA to the P-
body, where it gets degraded by various nucleases (Filipowicz et al, 2008). 







In plants, miRNAs have continuous perfect base paring of 11 nucleotides with the target 
mRNA which consequently leads to mRNA decay (Hamilton et al, 1999). However in 
animals, perfect 11 nucleotide continuous base paring is very rare. In general 
miRNA:mRNA interaction takes place at the contiguous base pairing in the 5’ seed 
region (at 2-8 nt position involving continuous base pairing over 7 residues) followed by 
a bulge loop which lacks complimentarity. Thus, due to imperfect base pairing most of 
the miRNA mediated repression is regulated at the translational level rather than mRNA 
decay (Hamilton et al, 1999; Hornstein et al, 2005; Schwab et al, 2005). 
Translational events are divided into three stages: initiation, elongation and termination. 
It has been reported that miRNAs repress translation at the initiation and post-initiation 
levels. Translational initiation is a rate limiting step for protein biosynthesis. miRNAs can 
affect translational initiation by disrupting mRNA circularization (Fig. 2). mRNA 
circularization requires interaction of poly(A) binding protein (PAB) and translation 
initiation factor eIF4G, which recognizes the 7-methylguanylate (m7G)-cap. Interference 
with the interaction of PABP and eIF4G results in inhibition of poly(A) dependent 
translation (Pillai et al, 2007; Wakiyama et al, 2000). Post-initiation mechanisms 
comprise of translational repression either at the elongation or at the termination steps. 
One of the post initiation mechanisms involved is proteolysis of nascent peptides. 
Repressed mRNAs having bound miRNAISC to the 3’ UTR have the ability to recruit 
proteolytic enzymes that would degrade nascent polypeptides from the actively 
translating ribosomes. During elongation, run-off of ribosomes or slowed elongation or 







free mRNAs are then exported to P-bodies for degradation (Fig. 2) (Behm-Ansmant et 
al, 2006; Lim et al, 2005).  
 
Fig. 2. Possible mechanisms of miRNA-mediated repression of target mRNAs. (a) Translational 
repression at initiation step. miRNANP interferes with circularization of mRNA. Run-off of ribosomes 
results in aggregation of the repressed ribosome-free mRNA into P-bodies for either storage or 
degradation. The mRNA decay machinery is enriched within P-bodies. (b) Post-initiation mechanism, 
involves repression during translation either at the elongation or at termination step.  Nascent polypeptide 
chain will be degraded through the components of miRNANPs (c) or miRNA-mediated deadenylation 
and decay of target mRNAs (d). The miRNA targets get deadenylated by the Ccr4:Not1 deadenylase 
complex. The GW182 protein is important for P-body localization of Ago proteins and recruitment of the 
decay factors.  Image taken from (Pillai et al, 2007). 
 
2.1.4 Principles of miRNA target recognition, prediction and validation 
MicroRNAs bind to complimentary sites on the target mRNA mainly in the 3’ UTR to 
confer gene repression. miRNA targets in plants are nearly perfectly complimentary 
(Jones-Rhoades et al, 2004; Rhoades et al, 2002) while in animals targets have a short 







miRNA:mRNA interaction depends on 2-8 nt position from the 5’- region (this 2-8 nt 
continuous base pair position termed as seed region) followed by a bulge loop which 
lacks complimentarity. Two classes of miRNA target sites have been postulated based on 
the strength of 5’-base pairing of  the  miRNA, i.e. (i) 5’-dominant sites and (ii) 3’-
compensatory sites (Fig. 3B; (Brennecke et al, 2005). The 5’-dominant sites can be 
further divided into two subtypes: Canonical and seed sites. Canonical sites pair well both 
at their 5’ and 3’ ends while seed sites do not require any 3’ pairing.  In 3’- compensatory 
sites, the 5’ seed is a stretch of 4-6 nucleotides with single G:U  pairing or mismatches, 
while the weaker 5’ binding requires compensatory pairing to the 3’ end to confer target 
regulation. Lewis et al. (2005) reported that sites with as little as seven base-pairs 












Fig. 3. Principles of microRNA-mRNA interactions. A target base pairing is perfect when 
contiguous base pairing of miRNA nucleotides 2 to 8, representing the ‘seed’ region (shown 
in dark red and green) occurs, which nucleates the miRNA:mRNA association. GU pairs or 
mismatches and bulges in the seed region greatly affect repression. However, an A residue 
across position 1 of the miRNA, and an A or U across position 9 (shown in yellow), 
improve the site efficiency, although they do not need to base pair with miRNA nucleotides 
(Filipowicz et al, 2008). B. Three classes of miRNA target sites, Models of canonical (left), 
seed (middle) and 3’ compensatory (right) target sites. Target site (Upper line) and miRNA 
(lower line) (Brennecke et al, 2005).  
 
Numerous miRNA:mRNA interactions have several common features, which led to the 
development of bioinformatics approaches to predict and identify potential miRNA target 
sites in mammals. All bioinformatics approaches were based on the analysis of base-
pairing between miRNAs and experimentally validated targets such as let-7 and lin-41 in 
C. elegans. Many of the prediction databases for miRNA targets are available in the 
internet such as Target Scan software, PicTar, miRNAanda and miRNABase Websites: 
http://www.targetscan.org, http://pictar.mdc-berlin.de,	   http://www.microrna.org and 
http://www.miRNAbase.org	    (Krek et al, 2005; Lewis et al, 2005; Robins et al, 2005). All 
prediction programs use algorithms for identification of target genes that employ a 
thermodynamics-based modeling approach for miRNA:mRNA interactions and 
comparative sequence analysis. The following criteria are taken into account: 
• The Watson-Crick complementarity pairing in the 5’ end of the miRNA, which 
serves as a critical factor for target recognition.  
• The location of miRNA complementary elements in the 3’-UTR of the mRNA. 







• The phylogenetic conservation of binding sites between orthologous genes. 
2.1.5 Mechanisms of miRNAs in regulating neurogenesis 
First insights into how miRNAs regulate neurogenesis came from studies on miRNA 
expression profiles and from experiments using knock-out mice. Several reports have 
shown distinct spatial/temporal expression of miRNAs, suggesting involvement in the 
fine tuning of gene expression. Kapsimali et al. (2007) performed comprehensive 
analysis of neuroanatomical expression profiles of conserved miRNAs in the developing 
and adult zebrafish brain. They showed that miRNAs generally have a wide variety of 
expression profiles in neural cells: miRNA92b, for example is expressed both in neuronal 
precursors and stem cells, miRNA124 is expressed constitutively in mature neurons and 
is associated with transition from proliferation to differentiation of neurons. miRNA9 is 
expressed in proliferative cells and their differentiated progeny, miRNA218a is expressed 
in motor neurons and miRNA222 shows regionally restricted expression in the 
telencephalon (Kapsimali et al, 2007). In zebrafish Dicer mutants, which are deficient 
for miRNA processing, early patterning and cell fate specification in the embryonic 
nervous system are largely unaffected while brain morphogenesis and neural 
differentiation are altered. For example, the  neural plate formed a primitive neural tube, 
but subsequent formation of the neurocoel and neural tube completion was severely 
impaired (Giraldez et al, 2005). The formation of the brain ventricles and the midbrain-
hindbrain areas was severely reduced. Additionally, the retina and spinal cord were also 
affected. Expression analysis with anterior posterior and dorso-ventral markers indicated 







vesicles, hindbrain rhombomeres, and dorsal and ventral neural tube. However, analysis 
of neuronal differentiation and axonal markers such as HuC and HNK showed 
mispositioned trigeminal sensory neurons adjacent to the eye and defasciculation of the 
postoptic commissure. Overall, these results indicate that neural differentiation was 
affected while early neural patterning was normal.  
Bernstein et al. (2003) created mouse strains with a chromosomal lesion in Dicer1 by 
replacing exon 21 with a Neomycin resistance gene. Loss of Dicer1 lead to lethality and 
the mice died at embryonic day 7.5 before neurulation. Furthermore Oct4 in situ 
hybridization showed weaker staining indicating that stem cells are depleted in Dicer1-
null embryos before they can differentiate in vivo and in vitro (Bernstein et al, 2001; 
Bernstein et al, 2003). When Dicer activity was conditionally knocked-down in mouse 
Purkinje cells (Schaefer et al, 2007) and dopaminergic neurons (Kim et al, 2007), 
progressive death of neuronal cells was observed. In addition, it was shown that during 
maturation of cultured rat cerebellar granule neurons, Dicer expression was active and 
Dicer levels increased during differentiation of hippocampal neurons in vitro                  
(Barbato et al, 2007). These data suggest that miRNAs are involved in differentiation 
and maintenance of neuronal identity in the mature nervous system in both mice and 
zebrafish.  
Genes encoding neuronal phenotypic traits, including neurotransmitters, ion channels, 
cell-adhesion molecules and synaptic proteins are expressed only in neurons and 
established and maintained by neural specific factors (Schoenherr et al, 1995). One of 







silencing factor (REST/NRSF). REST is a Zn2+ finger DNA-binding protein which 
blocks expression of its target genes in non-neural tissues by binding to a 23 base paired 
RE1 sequence. This specific DNA element is conserved in many neuronal genes and 
facilitates recruitment of chromatin remodeling enzymes such as histone deacetylases and 
methyl CpG-binding protein (MeCP2) and other regulatory cofactors to its N- and C-
terminal binding domains including the co-repressor CoREST (Andres et al, 1999; 
Ballas et al, 2001; Chong et al, 1995; Roopra et al, 2000; Schoenherr et al, 1995). The 
anti-neural factor Small C-terminal domain phosphatase1 (SCP1) expressed in non-
neuronal tissues, is recruited by REST/NRSF to the RE1 element, thus leading to 
neuronal gene silencing in non-neuronal cells (Yeo et al, 2005). It was reported that 
miRNA124 downregulates REST and SCP1 activity and silences non-neuronal mRNAs 
thereby inducing neurogenesis. Hence, temporally controlled downregulation of these 
REST/NRSF factors is critical for the induction of neurogenesis (Visvanathan et al, 
2007). Krichevsky et al. (2006) reported that miRNA9 and miRNA124 affect the neuron-
to-astroglia ratio during neural lineage differentiation. Transfection of miRNA duplex 
into neuron progenitors decreased the number of cells expressing glia-specific markers, 
i.e. glial fibrillary acidic protein (GFAP), while increasing the number of neurons. 
Conversely, inhibition of miRNAs by use of 2’-O-methyl antisense oligonucleotides 
reduced the number of cells expressing the neuron-specific marker Tuj1 (Krichevsky et 
al, 2006). Recently, it was shown that miRNA9 coordinates events to delimit the 
organizing activity of the midbrain-hindbrain-boundary (MHB) and to promote 
neurogenesis in the regions adjacent to the MHB (Leucht et al, 2008). miRNA9 is 







MHB. When miRNA9 was inactivated by a morpholino oligonucleotide, the mRNA 
levels of fgf8, fgfr1 and canopy1 were increased and the expression domain of 
downstream Fgf target genes, such as dusp6 and pea3 were expanded into the MHB. This 
indicates that knock-down of miRNA9 enhances Fgf signaling. In addition to regulating 
Fgf signalling, miRNA9 promotes neurogenesis by inhibiting her5 (expressed in the 
MHB) and her9 (expressed in the mid- hindbrain). Either over-expression of miRNA9 or 
loss of her5 and her9 induced ectopic expression of neurogenin1 (ngn1) in the MHB. 
Under normal conditions, ngn1 is not expressed in the MHB but rather in the midbrain-
hindbrain region. In summary, absence of miRNA9 in the MHB allows sustained Fgf 
signalling (to act as a signalling organizer) and expression of her5 (for anti-neurogenesis 
in the MHB). On the other hand, miRNA9 expressed in the mid-and hindbrain regions 
promotes neurogenesis.  
In the mammalian brain, there are three areas where dopaminergic neurons (DAs) 
neurons are located: the ventral tegmental area (VTA), substantia nigra (SN), and 
retrorubral field (RRF). Together they constitute the mesencephalic (mes) system (Nunes 
et al, 2003). Kim et al. (2007) showed that miRNA133b negatively regulates DA 
formation by modulating the pituitary homeobox, bicoid-related transcription factor Pitx3 
(Kim et al, 2007). Pitx3 gene expression is restricted to the developing eye and DA 
progenitors (Lamonerie et al, 1996). In the brain, Pitx3 mRNA localizes specifically to 
the SN and VTA region. miRNA133b is specifically expressed in the mammalian 
midbrain. Over-expression of miRNA133b in primary embryonic rat midbrain cultures 







oligonucleotides leads to an increase in DNs. Hence, these authors concluded that 
miRNA133b regulates DN maturation by modulating the transcription factor Pitx3 
through a negative feedback circuit in which PITX3 induces the transcription of 
miRNA133b in return. 
2. 2 Development of the vertebrate nervous system 
 
2.2.1 Formation of the neural tube 
 
The zebrafish nervous system is derived from the neural plate at the dorsal side of the 
embryo. In mammals, two neural folds on both sides of the neural plate converge in the 
midline to form the hollow neural tube. In zebrafish, instead of the neural tube, a 
structure called the neural keel forms at 13 hpf (Lewis et al, 2003). Infolding at the 
midline develops a solid rod at 16 hpf, which then cavitates secondarily into a hollow 
neural tube (Fig. 4a) (Kimmel et al, 1995). During the pharyngula period, the neural tube 
establishes patterning along the anterior posterior-axis which can be divided into 
forebrain, midbrain, hindbrain and spinal cord (Kimmel et al, 1995).  
Patterning of the neural tube along its dorso-ventral axis is established during the neural 
plate stage. During this phase, the lateral precursor cells in the neural plate develop into 
dorsal cells and medial neural plate cells will form ventral neural tube cells. The dorso-
ventral axis of the neural tube mirrors the medio-lateral axis of the neural plate. At this 
stage, secreted factors from the notochord lead to formation of a signalling-centre in the 
ventral-most position of the spinal cord (Fig. 4C). In zebrafish, the ventral most part 
(floor plate) consists  of two distinct cell populations, the medial and the lateral floor 







plate is induced by Shh, whereas the medial floor plate is induced by shield-derived 
factors during gastrulation (Lewis et al, 2003);(Schafer et al, 2005).  The floor plate 
itself is able to secrete Sonic Hedgehog protein and establishes a Shh gradient along the 
dorso-ventral axis that organizes the ventral part of the spinal cord (Blader et al, 2000). 
Sonic Hedgehog is a homeo-domain transcription factors that drive the precursor 
population into their localization-dependent neuronal cell fate. Depending on the 
response, two groups of transcription factors can be distinguished: class I factors are 
active before and then repressed by Shh, class II factors are inactive and then induced by 
Shh (Lee et al, 2001). Combinations of class I and class II transcription factors define 
five domains of ventral progenitor cells i.e. p3, pMN, p2, p1, and p0, which generate v3 
interneurons, motor neurons, and v2, v1, v0 interneuron subtypes, respectively  (Fig.4c). 
During differentiation, the progenitor cells migrate from the ventricular zone into the 
surrounding periphery and differentiate to post-mitotic neurons. 
2.2.2 Formation of forebrain, midbrain 
Neural tissue is induced before neural tube formation. After induction, mRNA transcripts 
restrict their expression to forebrain and midbrain regions. One such example are the Otx 
family homeobox genes, which are expressed in the anterior region and mark forebrain 
and midbrain territories, while Pax-2/5/8 mark the midbrain–hindbrain boundary and Hox 
genes  the hindbrain region (Ribes et al, 2010); (Wilson et al, 2004). After the formation 
of territories these regions are further redefined to form different regions. In the 
forebrain, the anterior region of the neural plate cells are the sources of graded Wnt 











Fig. 4. Process of neurulation in zebrafish. A. The neural plate (1) develops into the neural keel (2) that 
folds into a cylindrical structure in the midline (3). B. Corresponding cylindrical structure at 16 hpf with 
respect to the medio-lateral axis. C. SHH-regulates gene expression within progenitor cells, it defines 
progenitor domains to a specific neuronal subtype in the ventral spinal cord. The organization of the 
progenitor domains is established by a gradient of SHH protein (purple) secreted from the Notochord (NC) 
and Floor Plate (FP). Five domains of ventral progenitor cells were observed i.e. p3, pMN, p2, p1, and p0, 
which generate v3, motor neurons, v2, v1 and v0 neuronal subtypes correspondingly.  The restricted 
expression profiles of the Transcriptional Factors (TFs), Nkx2.2, Olig2, Nkx6.1, Nkx6.2, Dbx1arrayed 
along the dorsal–ventral (DV) axis of the ventral neural tube, regulated by graded SHH signaling. All 
figures were taken from (Kimmel et al, 1995) (Lewis et al, 2003) (Ribes et al, 2009). (ep epidermis, fp 







notochord, RB Rohon-Beard neurons, so somites) 
These two factors mutually repress each other and contribute to the establishment of 
anterior and posterior forebrain (Braun et al, 2003). Expression of Six3 in the anterior 
neural plate is suppressed by enhanced Wnt activity, reciprocally SIX activity directly 
represses the transcription of Wnt genes (Kobayashi et al, 1998). Moreover, expression 
of Irx is complementary to Six3 expression, which is expressed in prospective caudal 
diencephalon and midbrain, while six3 expressed in rostral regions of neural plate. Over-
expression of Six3 expands forebrain and ectopically induces eye and forebrain markers 
in the caudal region. In contrast, IRX proteins promote caudal diencephalic identity by 
promoting Wnt signals (Kim et al, 2000). Subdivision of the Irx expression domain into 
posterior diencephalon and midbrain involves mutually repressive interactions between 
PAX6 and engrailed proteins in the forebrain and midbrain respectively. 
2.2.3 Patterning of the isthmic organizer   
Induction of neural patterning resulted in initial regionalization of cell populations in 
such a way that these region act as local sources of signals. Two well known local 
signalling centers or organizers are the isthmic organizer and floor plate. These local 
organizers modulate and refine regional patterns in a way that by the end of gastrulation 
newly induced genes forms discrete territories (Rhinn et al, 2001). Organizers are 
involved in providing graded patterning cues to neighboring areas and also act as long 
lasting coordinators of cellular events such as cell fate, survival, proliferation, 
differentiation and migration. However, organizer activity decreases over the time 







Isthmic organizer or the boundary between the midbrain and the hindbrain (MHB), serves 
as signaling centre for the emergence of the midbrain and the anterior hindbrain. 
Formation of the MHB starts at late gastrulation stages, which is controlled by two 
different homeobox transcription factors i.e. orthodenticle homologue 2 (OTX2) and 
gastrulation brain homeobox 2 (GBX2) (Wassarman et al, 1997).  Otx2 is expressed 
from the anterior limit of the neural plate to a posterior border at the presumptive MHB 
and Gbx2 is expressed in a complementary fashion in the posterior embryo (Acampora 
et al, 1997). The contact point of the two territories will define the region for the isthmic 
organizer (Fig. 5a). After defining the region, i.e. after the onset of somitogenesis, Pax2 
and the secreted molecule Wnt1 are expressed. After the expression of Pax2 and Wnt1, at 
the 3–5-somite stage, Fgf8 is switched on but the expression is restricted to the caudal 
region of Gbx2 (Shamim et al, 1999). Her5 gene expression precedes that of Wnt1. 
In the newly established MHB region, initial activation of Wnt1 and Fgf8 are independent 
of each other. Later, activity of Wnt1 and Fgf8 will be interdependent on each other, as 
perturbation of any one gene disrupts the continued development of the MHB (Sunmonu 
et al, 2011). Once the interdependent phase started, secreted FGF8 and WNT1 proteins 
mediate its organizing influence on the surrounding neural tissue (Fig. 5b). Fgf8 mediates 
the organizing activity, i.e. ectopic application of FGF8 protein mimics the activity of the 
MHB organizer and induces isthmic-like structures and MHB-specific gene expression.  
Fgf8 secreted from the MHB organizer is also involved in patterning the anterior 




























Fig. 5.  Patterning of isthmic organizer (MHB). A. Expression domains of Otx2 and Gbx2 in the 
presumptive MHB region. Fgf8 and Wnt1 is expressed at the junction between midbrain and hindbrain B. 
Sequential development of the MHB, during early embryonic stages (establishment phase), Pax2,Wnt and 
Fgf are activated around the Otx–Gbx interface and their expression dosent overlap, but later during the 
maintenance phase, expression overlaps at the MHB organizer, during this phase the pathways become 
mutually dependent (Rhinn et al, 2001).	  
	  
2.2.4 Formation of hindbrain 
The embryonic organizer is the source for activation and specification of neural tissue. 
However, ablation of the zebrafish embryonic shield has little effect on hindbrain 
patterning, which indicates that in the zebrafish the organizer plays a relatively minor role 
in posteriorizing the central nervous system (Woo et al, 1997). Fgf8, from the MHB 
influences the regional identity much more broadly in the hindbrain. When Fgf8 signal at 







rhombomere2 (reiterating structures in the hindbrain) was shifted anteriorly. In addition, 
reducing the function of both Fgf8 and Fgf3, prevents the specification of r5 and r6 
(Partanen, 2007). Along with Fgf, Hox genes also play a major role in specifying 
segment identity. Hox genes are expressed in the hindbrain and in migratory cranial 
neural crest cells. The total number of Hox genes for mouse and human is 39, zebrafish 
have undergone major duplication event in their lineage, which produce a total of 48 Hox 
genes. The Hox expression domain prepattern and defines respective rhombomeric 
territories. In addition, combinations of different Hox genes provides a mechanism for 
specifying unique segment identities (Alexander et al, 2009). For example, loss of Hox 
function resulted in transformation to a more anterior segment identity. In the Hoxb1 
mutant r4 is partially transformed to r2 identity. In val/mafB mutant, absence of r5 and r6 
unit resulted in lack of boundaries between r4 and r7 (Moens et al, 1996).  Further it was 
shown that Val genes has binding sites for Hoxb3 and Hoxa3 as a result in val/mafB 
mutant both hoxa3 and hoxb3 genes are up-regulated (Prince et al, 1998). Once the 
rhombomeric territory is defined, ephrins mediates sharpening of expression boundaries 
by sorting similar cells (Blair, 2004).  
In zebrafish, at 18-20 hpf morphological segmentation of hindbrain with transiently 
reiterating rhombomere structures can be seen (Riley et al, 2004). The formation of the 
rhombomere boundaries is not in a consecutive anterior to posterior order. In the 
zebrafish, the r4 territory is defined first with the appearance of the boundary between r3 







(Fig. 6). No r7/8 boundary is detected at any stage, either morphologically or by RNA in 








Fig. 6.  Cross talk between MHB and early rhombomere 4. A. Rhombomere 4 acts as signalling centre 
in promoting hindbrain development. FGF expressed in the midbrain-hindbrain boundary is required for r1 
development. Later, fgf8 expression in r4 promotes the development of r5 and r6. FGF8 from r4 is also 
needed for the development of r3 B. In situ hybridizations of radical fringe (rfng) from 16 hpf to 24 hpf, to 
depict the rhombomere boundaries, dashed circle and ot indicate otic vesicle. Figures are taken from 









2.3 Delta-Notch signalling in neural development 
2.3.1 Delta-Notch signalling 
During neural development, neuroepithelial cells are generated from the ectoderm. These 
cells are neural stem cells which undergo symmetric cell division to produce more neural 
stem cells. From this pool of neural stem cells, neurons are eventually generated. Lateral 
inhibition is the process by which the fine spatial pattern of distinct neurons is generated. 
Delta signalling through its receptor Notch is a core component of the molecular 
mechanisms leading to lateral inhibition (Fig. 7). 
The Notch receptor can be activated by several distinct Delta ligands present on the 
surface of neighboring cells and this interaction is a critical step in the signalling 
pathway. When a Delta ligand binds to the Notch receptor, the Notch extracellular 
domain is transendocytosed into the ligand-sending cell, and the remaining receptor 
undergoes two successive proteolytic cleavages (Fortini, 2002). In the absence of a 
ligand, Notch is internalized and degraded in the lysosomes after its ubiquitination. 
Transendocytosis of the extracellular region facilitates extracellular cleavage (S2) of 
membrane tethered Notch by a transmembrane ADAM-family metalloprotease (Fortini, 
2002). S2 cleavage generates the substrate for S3 cleavage by the γ-secretase complex, an 
enzyme complex that contains presenilins (Selkoe et al, 2003). Cleavage by the γ-
secretase complex releases the Notch intracellular domain (NICD), which then 
translocates to the nucleus and cooperates with a DNA-binding protein CSL, (CBF1, 







2006). In Drosophila, the CSL ortholog is named Su(H) and in vertebrates and mammals 
it is known as RBPkJ/CBF1. In Drosophila, the CSL ortholog is named Su(H) and in 
vertebrates and mammals it is known as RBPkJ/CBF1. RBP-J is the core transcription 
factor in the Notch signaling cascade and is a central player in the signalling pathway. It 
binds to the DNA sequence 5’-CGTGGGAA-3’. In the absence of Notch, RBP-J 
represses Notch target genes through recruitment of co-repressor complexes. NICD 
binding to RBP-J results in a switching from the repressed to an activated state.  
NICD first displaces co-repressors in the promoters containing RBP-J binding sites and 
subsequently recruits a co-activator complex containing Mastermind to activate 
transcription of Notch target genes, i.e. HES genes (Bray, 2006; Ehebauer et al, 2006).   
2.3.2 Molecular nature and function of Delta and Notch  
The Delta ligand is a transmembrane protein. Its extracellular region is comprised of a 45 
amino acid DSL domain (Delta Serrate and LAG-2), which is essential for receptor 
interaction, followed by a varying number of epidermal growth factor (EGF) repeats. 
Depending on the presence or absence of a cysteine rich region, adjacent to the EGF 
region, Notch ligands are divided into two classes: Delta (Delta), which lacks a cysteine 
rich region and Delta-like (DLL), which contains cysteine in the extracellular region. The 
general architecture of DSL ligands is conserved but it varies in size and composition 











Fig. 7. Delta-Notch signalling. 1.) In the neural progenitor/stem cells, Notch is activated by Delta. 2.) 
After activation, the Notch intracellular domain (NICD) is then translocates to the nucleus, NICD binds to 
RBP-J results in a switching from the repressed to an activated state and subsequently recruits a co-
activator complex containing Mastermind to activate transcription of Hes. 3.) Hes proteins inhibit the 
activator-type bHLH factors by sequestering E47 as result no neurogenic gene expression (ngn and delta) 
will occur. 4.) In differentiating neurons, Notch is not activated and a co-repressor represses Hes 
expression. 5.) The activator bHLH genes are expressed. 6.) The activator- type bHLH induce neuronal 










Notch is a heterodimeric transmembrane protein containing 29-36 EGF repeats in the 
extracellular region, while the intracellular region contains six ankyrin repeats, a PEST 
domain and a nuclear localization signal domain (Gupta-Rossi et al, 2001). The EGF 
repeats 11 and 12 are essential for Delta binding. The PEST sequence is a peptide 
sequence rich in proline (P), glumatic acid (E), serine (S), and threonine (T) associated 
with short intracellular half-life and hence acts as signal peptide for protein degradation 
(Gupta-Rossi et al, 2001). Notch is produced in the endoplasmic reticulum and 
transported to the Golgi. In the Golgi, Notch is processed by a Furin –like convertase (S1 
cleavage) and glycosylated by Fringe. After S1 processing and glycoslation, Notch is 
exported to the cell surface. Non-exported Notch is degraded or recycled (Chitnis, 2006). 
In the zebrafish genome, four delta genes (dlA, B, C and D) and one delta-like gene (dll4) 
are present. These genes have partially overlapping, yet unique expression patterns 
(Leslie et al, 2007). Transient expression of dlA in primary neurons at the 4-somite stage 
was observed in the prospective neurogenic region of the spinal cord where dlA and dlB 
are co-expressed in the same cells (Haddon et al, 1998). The presomitic mesoderm and 
newly formed somites express dlC and dlD. dlD is a regulator of choroid plexus 
formation. dll4 is implicated as an important factor for normal vascular remodeling (Bill 
et al, 2008; Holley et al, 2002; Leslie et al, 2007; Zecchin et al, 2007). In the spinal 
cord, Delta proteins maintain the neuronal precursor pool by inhibiting premature 
differentiation. In addition, similar mechanisms are involved in the developing hindbrain 







Alexandra et al. (2009) generated monoclonal antibodies that recognize 167 amino acids 
in the C-terminal region of DeltaA, as this region is the most divergent region within 
Delta family members. They showed that at 48 hpf, DeltaA proteins are expressed in the 
dorsal forebrain, cerebellum, tectum and rhombomeres with high levels in the 
proliferative zones. In rhombomeres, it is expressed in bilateral strings of cell clusters in 
the border region. It is also expressed in one or two cell rows in the walls of the 
mesencephalic ventricle but excluded from HuC/D positive differentiating and mature 
neurons (Wakamatsu et al, 1997). However, DeltaA protein is expressed in cells 
positive for glial fibrillary acidic protein (GFAP), a marker for neural precursor cells 
(Doetsch, 2003). This suggests that DeltaA is expressed in cells that are in the process of 
making a fate commitment and have not yet begun to differentiate (Tallafuss et al, 2009). 
Over-expression of dlD in zebrafish embryos leads to a reduction in the number of islet1 
(isl1) positive primary neurons (Dornseifer et al, 1997). Similarly, injection of Xenopus 
dlA mRNA for over-expression into zebrafish embryos leads to loss of Mauthner 
neurons. Conversely, injecting mRNA encoding a dominant-negative form of Xenopus 
dlA resulted in an increased number of Mauthner neurons (Haddon et al, 1998). In 
zebrafish, disruption of lateral inhibition through Xenopus dominant-negative variants for 
dlA caused excess production of primary motor neurons with decreased numbers of 
secondary motor neurons and interneurons (KA, and VeLD interneurons). This indicates 
that dlA function is required for specification of a variety of spinal cord neurons in 
zebrafish (Appel et al, 1998). Over-expression of Delta proteins and activation of Notch 







1993; Henrique et al, 1997). A mutant allele of the zebrafish dlA gene results in excess 
formation of Rohon-Beard sensory neurons (Cornell et al, 2000).  
Homozygous zebrafish dlAdx2 mutant embryos that carry missense mutations in deltaA 
have defective floorplate, notochord, dorsal spinal sensory neurons and neural crest. In 
these mutants, uniformly higher levels of ngn1 in the trunk region were observed when 
compared to wild-type embryos (Appel et al, 1999). As a result, the neural precursor 
pool is depleted and replaced by post-mitotic neurons. Moreover, these mutants have 
fewer BrdU positive cells and a large excess of HuC-positive cells at 24 hpf which 
indicates dlA is required to maintain neural precursor pools. Another zebrafish mutant 
called mindbomb (mib) showed a neurogenic phenotype. It carries a mutation in the 
RING domain of the ubiqutin ligase (Itoh et al, 2003). The ubiquitin ligase, Mib, 
interacts with the intra-cellular domain of Delta and promotes ubiquitylation and 
endocytosis of the ligand, which results in reduced Delta on the cell surface. As all Delta 
ligands will interact with Notch, ubiquitylated Delta has the advantage of being more 
efficient in activating Notch. The zebrafish Mib neurogenic phenotype is accompanied by 
an increase in expression of in all four delta genes at the one-somite stage, due to loss of 
lateral inhibition and is accompanied by reduced expression of notch5 at 24 hpf. 
2.3.3 Delta-Notch signalling in rhombomeres 
Rhombomeres are segmental units of the hindbrain that are separated from each other by 
a specialized zone of boundary cells formed at the interface of adjacent rhombomeres 
(Riley et al, 2004). Cellular properties of boundary cells distinguish them from non-







expression of unique molecular markers. During zebrafish neurogenesis in the hindbrain, 
wnt1 is expressed in the boundary cells and promotes neurogenesis in non-boundary cells 
at a certain threshold level. This threshold level drives proneural gene expression, i.e. dlA 
and ngn, in the non-boundary cells (Qiu et al, 2009). Non-boundary cells expressing 
Delta interact with Notch receptors on the boundary cells and block the cells in the 
boundary region from spreading into the non-boundary region. They also help to 
maintain boundary cells in a proliferative state while non-boundary cells expressing 
Delta will differentiate into neurons. Thereby, a balance is established and maintained 
between proliferation of precursors in the boundary area and differentiation of neurons in 
the non-boundary region. In zebrafish, differences in cellular affinities and migratory 
behavior of boundary cells driven by Notch receptors have been reported (Cheng et al, 
2004). When zebrafish embryos were injected with constitutively active or dominant-
active Su(H) or NICD, cells expressing Su(H) sort to the center of the rhombomeric 
boundaries. In contrast in embryos injected with dominant–negative Su(H), cells 
segregate away from the boundaries (Cheng et al, 2004). These differences indicate that 
Notch activation regulates cell affinity differences between boundary and non-boundary 
regions.  
2.3.4 HES1 is a downstream target of Delta-Notch signalling 
In neural progenitors, HES1 is expressed at high levels, but it decreases rapidly as neural 
differentiation proceeds. HES1 mRNA was detected in committed neural precursors 
while in the differentiated neurons it was only expressed at very low levels (Sasai et al, 







morphogenesis. These defects are due to premature neuronal differentiation, i.e. precursor 
cells differentiate much earlier (Ishibashi et al, 1995). Jarriault et al. (1995) investigated 
the interaction of murine Notch with the Hes1 promoter. Co-transfecting HeLa cells with 
Hes1-promoter driven Luc and various truncated murine Notch variants showed that 
wild-type Notch cannot stimulate HES1 whereas truncated NICD has a stimulatory 
effect. In addition to the stimulation, co-transcfection of HES1 and NICD was able to 
suppress induced myogenesis, whereas a HES1 variant mutated in the RBPj domain was 
unable to suppress induced myogenesis (Jarriault et al, 1995). HES1 represses 
transcription by acting on the E-box (CANNTG) box and the N-box (CACNAG), which 
are consensus sequences in target gene promoters. HES1 represses its own activation by 
binding of HES1 protein to the N-box in its own promoter region. Murine HES1 contains 
three N-boxes in its promoter region at positions -165, -132, and -58 respectively. Co-
transcfection of HES1 over-expression vector with reporter plasmids containing various 
lengths of the HES1 promoter suggested that HES1 represses its own regulation 
synergistically rather than additively (Takebayashi et al, 1994). Presence of three N-
boxes in the promoter results in 30-40-fold repression, two N-boxes showed 14-fold 
repression, one N-box showed 7 fold repression, whereas absence of all showed 2-fold 
repression. Zebrafish orthologues of HES1 are her6 and her9. 
2.3.5 Interactions between the components of Delta-Notch signalling 
Notch activation up-regulates its downstream effectors, the Hes genes or her orthologues 
in zebrafish which in turn block neurogenesis. Mammals possess four different Notch 







referred to as	   notch1a, notch1b, notch2 and notch3 (Appel et al, 1998). In zebrafish, 
Hans et al. (2004) reported that over-expression of the notch1a intracellular domain 
down-regulates her3 and her5 expression in contrast to other her genes which are up-
regulated. This implies that Notch1a signalling through her3 and 5 promotes rather than 
blocks neurogenesis. Based on the expression of her genes in the presence of Notch1a, 
her genes are classified as activators (her1 and her4), repressors (her3 and her5) or being 
neutral, i.e. remain unaffected (her6) (Hans et al, 2004). her3 and ngn1 are expressed in 
complimentary patterns with her3 domains occupying the regions where ngn1 is not 
expressed. A knock-down of her3 leads to the ectopic expression of ngn1 and subsequent 
induction of its targets such as dlA, dlD, coe2 and her4. However, effects of ectopic ngn1 
were only found in rhombomeres 2 and 4 while the remaining domains of ngn1 
expression remained unaffected. These expression changes are mediated by direct 
binding of her3 protein to N-boxes present in the ngn1 promoter (CTC ACA AGC TCA 
CAC GAG CTG) at position –129 relative to the ATG (Hans et al, 2004). 
her5 and ngn1 are co-expressed in the intervening zone (IZ) and this interaction is crucial 
for the establishment of the mid-hindbrain boundary (MHB) (Geling et al, 2003). After 
her5 knock-down, ngn1 and the non-basic HLH transcription factor Coe2 (Collier and 
rodent early B-cell factor/olfactory-2) are ectopically expressed in the IZ region. ngn1 
and coe2 positively cross-regulate each other in the MHB area to maintain high levels of 
transcription. This regulation is controlled by the binding of Her5 to the ngn1 promoter. 
Her5 binds to the E–box of ngn1 and functions as transcriptional inhibitor. By regulating 







neurogenesis to control location and extent of neuronal differentiation without 
influencing the overall structure of the neural tube (Geling et al, 2003; Geling et al, 
2004); (Geling et al, 2004). 
2.4. Possible candidates for neuron specific miRNAs  
Dostie et al. (2003) isolated a neuron specific ribonucleoprotein complex (miRNA-
miRNANP complex) by co-immunoprecipitation with a Gemin3 antibody from extracts 
of two cell lines, human retinoblastoma cells Weri-Rb1 (McFall et al, 1977) and mouse 
motor neuron cells 1 (MN-1) (Brooks et al, 1997) and enlisted miRNAs associated with 
these miRNANPs (Dostie et al, 2003). Five miRNAs were identified that are present in 
the motor neuron cell line, but not in Weri-Rb1. By comparing the expression profiles of 
miRNAs from the above experiments five miRNAs miRNA23b, miRNA26b, 
miRNA30d, miRNA130a and miRNA199 were identified which are not expressed 
ubiquitously but associated with motor neurons. Hence, it was suggested that 
miRNA130a may be involved in motor neuron function. From the above list of 
presumably motor neuron specific miRNAs, I selected miRNA130a to study its function 
in neuronal differentiation by using zebrafish as a model organism. 
2.5 miRNA130a expression in ES cells, mouse and zebrafish 
To elucidate the roles of miRNAs during early developmental transitions, Houbaviy et al. 
(2003) cloned 20-26 nucleotide RNAs and constructed miRNA libraries from 
undifferentiated and differentiated Embryonic Stem (ES) cells. A total of 39 miRNAs 







reported that miRNA130a is broadly expressed, i.e. both in undifferentiated stem cells 
and in differentiated cells. In mouse brain sections using LNA-ISH (Locked Nucleic 
Acids) with an additional carbodiimide fixation step, which irreversibly immobilizes 
microRNAs at the 5’ phosphate,  miRNA130a was detected in the adult mouse brain 
(Pena et al, 2009).  
In zebrafish, 369 miRNAs corresponding to 168 different miRNA genes were registered.  
Many of the conserved miRNAs showed organ specific expression at late stages of 
development (Giraldez et al, 2005). Northern blot analysis with total RNAs extracted at 
different developmental stages and from adult tissues in zebrafish showed that 
miRNA130a /b /c are expressed ubiquitously. At 24 hpf, miRNA130a showed very weak 
expression, but at 48 hpf its expression was increased. Later, constant expression levels 
were  maintained for 5 days (Kloosterman et al, 2006). Hoesel et al. (2010) performed in 
silico analysis with mouse, human and chicken Dll1 3’UTR and found 16 miRNAs that 
potentially bind to this UTR. Among the 16 predicted miRNAs, seven miRNAs 
(miRNA130a, miRNA130b, miRNA34a, miRNA103, miRNA107, miRNA449a and 
miRNA449c) were shown to be expressed in developing somites, limbs, restricted 
regions of the brain and neural tube between day 9.5 and 12.5. By comparing these 
expression patterns, the authors assumed that these seven miRNAs are likely to regulate 
Dll1levels  (Hoesel et al, 2010).  
2.6 Known miRNA130a functions during angiogenesis and spinocerebellar ataxia 
Endothelial cells respond to a balance between pro-angiogenic and anti-angiogenic 







normal physiologic signals. In human endothelial cell cultures, i.e. HUVECs, 
miRNA130a is expressed in proliferating endothelial cells and inhibits the anti-
angiogenic factor GAX. miRNA130a downregulates GAX expression and antagonizes a 
G0/G1 cell-cycle arrest which is attributed to GAX  function. It also down-regulates 
expression of HOXA5, another anti-angiogenic homeobox gene. By down-regulating the 
two target mRNAs, miRNA130a promotes angiogenesis. Down-regulation of HOXA5 is 
not as strong as that of GAX, as the GAX 3’-UTR (1.1kb) contains two consensus binding 
sites for miRNA130a while HOXA5 contains only one binding site (Chen et al, 2008). 
In spinocerebellar ataxia type 1 (SCA1), mutated ataxin1 (ATXN1) accumulates 
gradually and causes toxicity to cerebellar Purkinje cells. miRNA130a, miRNA101 and 
miRNA19b are expressed in the mouse cerebellum, act cooperatively and mediate 
transcriptional regulation of ATXN1. Inhibition of these miRNAs enhanced the 
cytotoxicity mediated by the accumulation of ATXN1. When these miRNAs were 
transfected into different human cell lines (HEK293T, MCF7 and HeLa), each miRNA 
(40 pmol) or all combined at 40 pmol each decreased ATXN1 levels. Each miRNA 
affected the ATXN1 level differently: miRNA101 affected both mRNA and protein 
levels, whereas miRNA130a and miRNA19a reduced the amount of protein without 
changing the mRNA levels (Lee et al, 2008). This shows that miRNA130a is expressed 
in the brain and could be implicated in neurodegenerative processes. 
2.7 Aims and objectives 
In higher eukaryotes, more than 200 miRNA members per species have been reported, 







Phylogenetic studies uncovered conserved miRNA-binding sequences in more than one-
third of all known genes, implying that 30% of protein-coding genes are regulated by 
miRNAs   (Filipowicz et al, 2008; Lewis et al, 2005) and each miRNA targets at least 1-
50 mRNAs. Moreover, miRNAs play several important functions, especially during 
development or in human diseases. They regulate specific gene expression and act as 
regulators in the fine-tuning of gene function. Five miRNAs, miRNA23b, miRNA26b, 
miRNA30d, miRNA130a and miRNA199 were previously identified to be associated 
with neuron formation (Dostie et al, 2003). From this list of miRNAs, I selected 
miRNA130a to study its function in neuronal differentiation as preliminary experiments 
in the miRNA130a knock-down showed significant change in the expression pattern of 
olig2, which regulates early motor neuron formation.  
The major objectives of this work were: 
• To analyze the expression of miRNA130a during the development of the central 
nervous system.   
• To dissect the mechanisms of action through which miRNA130a functions during 
neurogenesis using knock-down and over-expression of miRNA130a. 











3. Materials and Methods 
______________________________________________________ 
3.1 Zebrafish strains and husbandry 
All fish strains used in this study were obtained from the fish facility of the Department 
of Biological Sciences, NUS. The fish were maintained according to the method 
described by Westerfield (Westerfield, 2000). Fish were fed three times per day with 
brine shrimps. They were kept under a photoperiod cycle of 14 hrs daylight and 10 hrs 
darkness. Crosses were setup in the evening with a divider to separate male and female 
fish. The next morning, the divider was removed at the desired time to allow spawning. 
Embryos were collected in a plastic sieve and washed under running tap water before 
being subjected to microinjection. Injected embryos were kept in Danieau’s solution and 
maintained in a 28 °C incubator until they reached the desired stage. No more than fifty 
eggs were kept in one dish to allow adequate aeration as too many eggs in a single dish 
would lead to delayed development. 
3.2 Plasmids and constructs  
 pCS2p+: The pCS2p+ plasmid contains a strong enhancer/promoter (simian CMV IE94) 
followed by a polylinker and SV40 late polyadenylation site. A SP6 promoter in front of 
the 5’ untranslated region of CMV IE94 allows RNA synthesis. The vector backbone is 
derived from pBluescript II KS+ and includes the ampicillin resistance gene.  a ColE 1 







pCS2+-3’ UTR constructs:  3’-UTR of the predicted targets (her3, her12 and cand1) for 
miRNA130a were cloned behind the EGFP coding region.  A ~1Kb EGFP coding 
sequence was cloned in between BamHI and EcoRI and the three target UTRs were 
cloned in between XhoI and XbaI sites after PCR amplification and cloning into the 
Pdrive vector.   
pDRIVE: pDRIVE is a convenient system for cloning of PCR products and was 
purchased from Qiagen. The kit contains linearized vector with single U overhangs that 
hybridizes with high specificity to single A overhangs generated using Taq DNA 
polymerase in the PCR product. The vector contains a T7 and Sp6 promoter on either 
side of the cloning site for in vitro transcription of cloned PCR products. 
Table 1. List of plasmids and probes used in this study 
Construct name Use Reference 
pCS2+-her3-UTR-GFP Linearized with NotI and used for capped mRNA 
synthesis 
This study 
pCS2+-her12-UTR-GFP Linearized with NotI and used for capped mRNA 
synthesis 
This study 
pCS2+-cand1-UTR-GFP Linearized with NotI and used for capped mRNA 
synthesis 
This study 
pDrive-zf notch3   Linearized with XhoI and used for riboprobe 
synthesis 
Jan Brocher (Winkler 
lab), pers. 
communication 
pDrive-zf deltaA   Linearized with XhoI and used for riboprobe 
synthesis 









pDrive-zf pcna   Linearized with NotI and used for riboprobe 
synthesis 
This study 
islet1 Linearized with XbaI and used T3 RNA 
polymerase for riboprobe synthesis 
(Inoue et al, 1994) 
islet2 Linearized with XbaI and used T3 RNA 
polymerase for riboprobe synthesis 
(Appel et al, 1995) 
th1 Linearized with XhoI and used T3 RNA 
polymerase for riboprobe synthesis 
(Holzschuh et al, 
2001) 
neurogenin1 Linearized with XhoI and used T7 RNA 
polymerase for riboprobe synthesis 
(Appel et al, 2001) 
 
3.3 Morpholinos and siRNAs  
All Morpholino oligonucleotides were obtained from Gene Tools. The delivered 
lyophylisate was resuspended in 100µl RNase free water and adjusted to a stock-
concentration of 22 mg/ml. For knock-down experiments, both mismatch and 
miRNA130aMO were used at a concentration of 8 mg/ml. The RNA oligos were 
purchased as siRNA custom designed oligos from Integrated DNA Technologies (IDTA). 
The oligos were delivered as annealed duplex in a lyophilized form and were 
resuspended in RNase free water and adjusted to a stock-concentration of 100 nM. Single 
stranded RNA oligos were used as control for the miRNA130a over-expression 
experiments. These oligos were separately ordered from IDTA and resuspened in RNAse 
free water followed by annealing with 5X siRNA annealing buffer (30 mM HEPES-KOH 







concentration as siRNA duplexes (Kloosterman et al, 2007). The oligos were injected 
into one-cell fertilized embryos at a concentration of 20µM. 
Name Sequence 
miRNA130a MO 5’-ATGCCCTTTTAACATCGCGTTT-3’ 
mismatch MO 5’-ATGCCCTTTTAACATCGCGTTT-3’ 
siRNA130a 5’-CAG UGC AAU GUUAAA AGG GCA UdT dT-3’ 
 5’-A UGC CCU UUU AAC AUU GCA CAG dTdT-3’ 
Sense strand RNA oligos 5’-CAGUGCAAUGUUAAAAGGGCAU-3’ 
3.4 LNA-probes 
LNA-probes and control scrambled oligos sequence were obtained from Exiquon and 
kept at stock concentration of 25 µM. LNA-probe were delivered as DIG (digoxygenin)-
labelled probes and used for LNA in situ hybridization.  
Dre-miRNA130a                               5’-ATG CC TTT TAA CAT TGC ACT G-3’ 
3.5 PCR-primers 
Table 2. List of primers and Oligos used 
Name Sequence 
T3 5’-AAT TAA CCC TCA CTA AAG GG-3’	  
T7 5’-GTA ATA CGA CTC ACT ATA GGG C-3’ 
SP6 5’-CCC AAG CTT GAT TTA GGT GAC-3’ 
her12 R (3’-UTR) 5'-ACT TTT TGC ACA TTT TGC GGC AG-3’ 
her12 F (3’-UTR) 5'-CTC GAG TAG TGT GGA CTG ACA ACC CTG AGG-3’ 
her3 F (3’-UTR) 5’- CTC GAG TCT AGA ACC AAG TAC ACT TCG ACG-3’ 
her3 R (3’-UTR) 5’-TCT AGA TTT AAT GTT GTA AAC GTT TAT TAA-3’ 
cand1 F (3’-UTR) 5’- GCT  AAC TCT GTA AAG CAG GAG-3’ 
cand1 R (3’-UTR) 5’-TGC ATG GAA CAA TAC AAG GGT CC-3’ 









All primers were obtained from 1st BASE and kept at stock concentration of 100 pmol/µl 
3.6 Enzymes 
EcoRI Fermentas Life Sciences 
XhoI  Fermentas Life Sciences 
XbaI Fermentas Life Sciences 
BamHI Fermentas Life Sciences 
T4 DNA Ligase  and 10X buffer New England Biolabs 
RNAse A Fermentas Life Sciences 
DNaseI Fermentas Life Sciences 
ProteinaseK Fermentas Life Sciences 
Taq DNA Polymerase  Fermentas Life Sciences 
3.7 Reaction kits 
Plasmid miniprep Gene Aid 
Gel/PCR DNA Fragment extraction Gene Aid 
RNeasy mini kit Qiagen 
VectastainA Elite Vector Laboratories 
Qiagen PCR cloning kit Qiagen 
RevertAidTM First Strand cDNA  Fermentas 
delta A R  5’- CAG TTT CAC CTC GTG CTT GA-3’ 
notch3F 5’- ACC CTT GGA GGC TAT GTG TG-3’ 
notch3R 5’-CAG TAG TGC GTG TTG CCA GT-3’ 
pcna F 5’- CCC ATA ACC ATT GAC AGC ATG AC-3’ 








SP6 mMessage mMachine kit Ambion  
 
3.8 Media and buffers 
Danieau’s medium 30% 1.017 g/l (17.4 mM) NaCl 
15.6 mg/l (0.21 mM) KCl 
29.7 mg/l (0.12mM)MgSO4. 7H2O 
44.1 mg/l (0.18mM) Ca(NO3)2.4H2O 
357.3 mg/l (1.5mM) HEPES 
1 ml/l 0.1% methyleneblue 
LB medium 10g/l bactotrypton 
5g/l yeast extract 
10g/l NaCl 
In water; ampicillin (final concentration 100 µg/ml) was 
added before use 
LB agar 15g/l agar in LB medium; ampicillin (final concentration 
100µg/ml) was added after autoclavation when solution 
temperature was below 60 °C 
10X PBS 100mM KCl 
19.5mM KCl 
59mM Na2HPO4 
11 mM KH2PO4 












Monoclonal mouse antibody, obtained from Sigma, 
(T6793); used for selective staining of different neurons 
at 1:1000 dilution 
Anti-phospho-histoneH3 Monoclonal Rabbit antibody, obtained from Upstate 
Biotechnology New York; used for staining of 
proliferating neural progenitors at 1:1000 dilutions 
Anti-huC/D Monoclonal Mouse antibody, obtained from Molecular 
Probes; used for staining of newly formed neurons at 
1:1000 dilution.  
GFP Monoclonal mouse antibody, obtained from Santa Cruz 
Biotechnology GFP (B-2; sc-9996); used for GFP 
detection  in Western blot at 1: 500 dilution. GFP from 
Aequorea victoria used as antigen. 
RFP Polyclonal rabbit antibody, obtained from Rockland 
Immuno chemicals (600-401-379). Used for RFP 
detection  in Western blot at 1: 500 dilution. Full length 
amino acid sequence (234 amino acids) derived from 
mushroom polyp coral Discosom used as antigen. 
ß-actin Monoclonal mouse antibody, obtained from (Abcam 
(ab6276).Used for ß-actin detection in  Western blot at 







Anti-digoxygenin Fab fragment of antibodies generated in sheep against 
digoxygenin, coupled with alkaline phosphatase (Roche) 
  
Sheep serum for blocking unspecific antibody binding sites was purchased from Sigma. 
3.10 Technical equipment 
PCR thermocycler VeritiTM thermal cycler (Applied Biosystems) 
Microinjector FemtoJet (Type5242 Eppendorf) 
Needle puller Narishige, Model PC-10 
Stereo microscope Nikon SMZ1000 
Centrifuge Sorvall legend micro21 (Thermoelectron 
company) 
Microscope for image acquisition Nikon eclipse 90i 
Software Adobe Photoshop (version 7.0) 
Electrophoresis system Bio Rad Power Pac Basi (BioRad) 
Mini-PROTEAN Tetra Cell (BioRad) 
Protein transfer Mini Trans Blot (BioRad) 
 
3.11 Recombinant DNA methods 
General recombinant DNA methods were used essentially as previously described 
(Sambrook, 1989). Polymerase Chain Reaction (PCR) was done with Taq DNA 
polymerase (Fermentas). Restriction enzyme digestions were performed using 







of DNA fragments. Double-stranded DNA sequencing was performed with automatic 
PCR-based Big-Dye sequencing method (ABI). The E. coli strain DH5α was used 
throughout this study for all cloning procedures and plasmid-containing cells were 
cultured in LB media supplemented with 100µl/ml of Ampicillin. 
3.12 Isolation of zebrafish genomic DNA 
For isolation of genomic DNA, 40 zebrafish embryos were collected in an Eppendorf 
tube, anesthetized on ice, shock frozen in liquid nitrogen and stored at -80 °C. Frozen or 
anesthetized embryos were homogenized in homogenization buffer (300 µl) (see below) 
until the solution was nearly clear. After homogenization, 350 µl of lysis buffer were 
added to the solution which was subsequently incubated at 65 °C for 15 mins with gentle 
inversion every two minutes. 250 µl Tris-Cl/EDTA saturated phenol pH 8.0 was added 
and mixed gently for 10 minutes. After mixing, the aqueous phase was extracted with 250 
µl chloroform/isoamyl alcohol (24:1). The collected upper phase was re-extracted with 
250 µl chloroform and an equal volume of isopropanol was added and incubated on ice 
for 2 hrs. After incubation, samples were spun down at 15,000 rpm for 40 mins. The 
pellet was washed with 70 % ethanol and air-dried. The dried pellet was resuspended in 
50 µl TE buffer, pH 8.0 and stored at 4 °C. The quantity and quality of the DNA were 
determined by optical density reading at 260nm (O.D. 260) and 280nm (O.D. 280). 
Homogenizing buffer: 1M sorbitol, 0.01 M EDTA and 0.1 M sodium citrate pH 5.8  
Lysis buffer: 3% sarkosyl and 0.5 M Tris/Cl pH 9.0  







PCR reactions were carried out in the programmable VeritiTM thermal cycler (Applied 
Biosystems). Template DNA (plasmid/genomic DNA/DNA in bacterial colonies) was 
amplified in a reaction volume of 20-100 µl. Each reaction mixture consists of 1X PCR 
buffer as described (Sambrook, 1989). The reactions were carried out for 30 cycles in 
which each cycle began with 30 sec of denaturation at 94 °C, followed by 30 sec 
annealing at the desired temperature and extension at 72 °C for х min (where x is 
approximately 1 minute for each kb of expected amplified product). In order to ensure 
complete elongation of all PCR products, a 5 mins extension at 72 °C was included after 
the last cycle. The reaction samples were stored at 4 °C until further analysis. 
3.14 Cloning of PCR products 
To sub-clone PCR productsinto plasmids, restriction sites were included at the end of 
each PCR primer. The restriction sites selected are present in the multiple cloning site of 
the cloning vectors and absent inside the DNA product. To ensure optimal restriction 
digestion of PCR products, flanking nucleotide sequences were added 5’ to the restriction 
sites of the primers. The PCR products were separated on 1% agarose gels and the 
desired DNA fragment was excised and purified with QIA quick gel extraction kit 
(Qiagen, USA). 
3.15 Restriction endonuclease digestion and ligation of DNA fragments 
Restriction enzyme digestion was used to screen recombinant clones and to cut specific 







Biolabs or Fermentas. All reactions were carried out in a 50 µl reaction volume for 1 to 2 
hours at 37 °C. Normally 5 units of enzyme were used to digest 1 µg of plasmid DNA. 
Ligation reactions were carried out in a 10 µl reaction containing 1µl of 10X ligation 
buffer, insert DNA, vector DNA and 1 unit T4 DNA ligase. The molar ratio of insert: 
vector was usually 3:1 or 2:1. Ligation reactions were incubated at 4 °C overnight. 
Before transforming the ligation mixture into competent cells, the ligase was inactivated 
by heating at 70 °C for 5 mins to terminate the ligation reaction. 
3.16 Transformation into E.coli  
The aliquotted competent cells were thawed and 10 µl of ligation reaction were added 
and mixed by gentle pipetting. This mixture was then incubated on ice for 30 mins. After 
being heated to 42 °C for 15 seconds, the tube was cooled immediately on ice for 5 mins. 
900 µl of LB medium were added into the mixture. After being incubated at 37 °C for 1 
hrs with shaking at 200 rpm, 1/10 and 9/10 of the transformation reaction mixture was 
spread onto two separate LB plates supplemented with appropriate antibiotics and the 
plates were incubated at 37 °C overnight 
3.17 Preparation of total RNA  
Total RNA was extracted from wild-type embryos after manual dechorionation with 
forceps and rinsed in PBS in a 1.5ml eppendorf tube. Thereafter, embryos were snap 
frozen with liquid nitrogen. Approximately 200 frozen embryos were crushed in 600 µl 
of Trizol reagent (Invitrogen, USA). This was followed by phenol:chloroform:isoamyl 







washes in 70% ethanol. The pellet was dissolved in 50 µl of nuclease-free water and 
further cleaned using the RNAesay kit (3.19.2).  
3.18 cDNA synthesis   
cDNA synthesis was carried out with the Fermentas cDNA generation kit. 2-5µg of RNA 
and 5 µM of oligo (dT) were mixed, heated to 70 °C for 5 mins and immediately cooled 
on ice for 1 min. These components were added to the 20 µl reverse transcription reaction 
which contained the following components: 10 mM of dNTP mix, 1x RT Buffer and 
200U of RevertAidTM First Strand cDNA Synthesis Kit. The reaction was incubated at 25 
°C for 10 mins followed by incubation at 42°C for 1hr. To terminate the reaction it was 
heated at 70 °C for 10 mins. The cDNA was stored at -20 °C. 
3.19 RNA in situ hybridization 
3.19.1 Antisense probe synthesis 
5-10 µg of plasmid DNA were linearized by a preparative restriction digest at 37 °C for 3 
hrs. The DNA was purified by phenol:chloroform extraction method as described earlier 
and the linearized DNA pellet was resuspended in 20µl RNase free water. For the in vitro 
transcription reaction, 1µg of linearized DNA was used to synthesize digoxygenin (DIG) 
or fluorescein (FLU) labeled probes. The reaction was performed at 37 °C for 2 hrs in a 
total volume of 20 µl containing 2 µl of 10X transcription buffer (Fermentas), 2 µl of 
DIG/FLU-NTP mix (Roche), and 1µl of RNase inhibitor (Fermentas). 1 µl of RNase-free 
DNase I was used to digest the template DNA at 37 °C for 15 mins after the reaction.  







3.19.2 Probe clean up using RNeasy kit   
In vitro reaction samples after DNase I treatment were adjusted to a volume of 100 µl 
with RNase-free water. This was followed by the addition of 350 µl of  RLT buffer to the 
diluted RNA sample that was subsequently mixed with 250 µl of 96-100% ethanol 
(Qiagen). The whole volume was then transferred to an RNeasy mini spin column that 
had been inserted into a collection tube. The spin column and collection tube was spun at 
10,000 rpm for 15 sec. The flow through was discarded. 500µl of RPE buffer was 
pipetted into the spin column and spun at 10,000 rpm for 15 sec. Flow through was 
discarded and replaced with another 500µl of RPE buffer. The column were spun at 
10,000 rpm for another 2 mins. The RNeasy column was then removed and placed into a 
new 1.5 ml eppendorf tube and 30-50 µl of RNAase-free water were added into the 
RNeasy column and allowed to stand for 1 min. The RNA probe was then eluted by 
micro-centrifuging the column at 10,000 rpm for 1 min. The RNA probe was mixed with 
76 µl of Hyb-mix  and stored at -20 °C.  
3.19.3 Whole mount in situ hybridization 
For detecting mRNA expression in situ hybridizations were performed according to the 
previously published protocols (Jowett et al, 1994; Winkler et al, 2001). All steps of the 
protocol were done in 8 ml glass vials under RNase free conditions. At the corresponding 
stages according to (Kimmel et al, 1995), embryos were fixed using 4% 
paraformaldehyde (PFA) at 4 °C overnight. They were washed 3 times for 10 mins each 
with 1X PBST (1X PBS + 0.1% Tween20), dechorionated, passed through ascending 







After rehydration with 75%, 50%, and 25% methanol in PBST, the embryos were 
digested with ProteinaseK (10 µg/ml; 0.5 ml/vial) which permeabilizes embryo and 
facilitates uptake of labeled RNA probes later in the protocol. Digestion time depends on 
the developmental stage of the specimen, i.e. 30 mins were used for an embryo at 48 hpf. 
The proteinaseK reaction was stopped by incubation in 2 mg/ml glycine in PBST 
followed by a refixation step in 4% PFA for 20 mins. During pre-hybridization of 
embryos in hybridization mix for 1 hrs, the labeled RNA probes were diluted to 1:100 
ratios in hybridization mix and heated to 80 °C for 10 mins to denature RNA fragments. 
Afterwards, hybridization with DIG- or FLU-labeled RNA probes was performed at 65 
°C overnight. Embryos were washed twice in 50% formamide in 2X SSCT, once in 2X 
SSCT and twice in 0.2XSSCT at 65 °C. After incubation in blocking solution (5% sheep 
serum in PBST, 1 hrs), detection of the RNA probe was performed using preabsorbed 
anti-DIG or anti-FLU Fab fragments (sheep) that were coupled to alkaline phosphatase 
(AP) for 2 hrs at room temperature.  
Staining of the embryos was performed using NBT/BCIP (Roche) as substrate for the AP 
enzyme. Staining time varied for every probe and ranged from 30 mins up to overnight at 
4° C. The staining reaction was stopped by washing the embryos in PBST. For 
microscopy the stained embryos were mounted in 100% glycerol.  
3.19.4 LNA (Locked nucleic acid) in situ hybridization 
Compared to the RNA in situ protocol described above, LNA in situ hybridization is 
more sensitive to detect expression of small RNAs such as miRNAs (Kloosterman et al, 







is chemically locked by the introduction of an extra bridge connecting the 2’ and the 4’ 
carbon. This conformation enhances base stacking and backbone pre-organization, which 
increases the thermal stability of these oligonucleotides. LNAs are more stable and 
specific, the specificity is high enough so that single mismatches can be discriminated 
(Kloosterman et al, 2006). 
Several steps of the protocol are identical to normal in situ hybridization but there are 
some differences.  Embryos were fixed as above and rehydration steps were identical, but 
instead of PBST, PBS was used. After ProteinaseK digestion, embryos were fixed 
immediately in 4%PFA/PBS and washed in PBST. All embryos were prehybridized in 
800 µl hybridization mix overnight at 55 ° C (temperature should be 20- 22° C below the 
calculated melting temperature of the LNA probe). Later they were incubated in 200µl of 
hybridization mix containing either labelled miRNA130a LNA probe or scrambled 
miRNA control probe at 55 °C overnight. On the next day, embryos were washed in 
100%, 75%, 50%, 25%, and 0% Hybmix in 2XSSC. Then washing steps with 100%, 
75%, 50%, 25%, and 0% 0.2XSSC in PBST followed. After incubation in 5% sheep 
serum the anti-DIG antibody was added and incubated at 4° C with agitation overnight. 
After several washes with PBST, staining reaction with NBT/BCIP (Roche Diagnostics) 
as substrate for Alkaline Phosphatase enzyme was performed. Staining was done for 2 
days and then terminated with stop solution. DIG-labelled LNA-probes were obtained 
from Exiquon at a concentration of 25µM. 







Hybmix 50% Formamide 
 5XSSC 
 0.1% Tween 
 Ciric acid pH 6.0 (460µl of 1M stock for 50 ml  
 Heparin 50µg/ml 
 tRNA 500 µg/ml 
2XSSC 5ml 20XSSC 
 RNase free H2O to 50 ml 
Stop solution PBS pH 5.5 
 EDTA 1 mM 
 
3.20 Whole mount immunostaining  
Immunostainings were performed as described before by Winkler et al. (2005). All steps 
of the protocol were done in 8 ml glass vials containing 10-30 embryos per vial. Except 
the staining, every step of the protocol was performed on a rocker. Embryos were kept in 
100% methanol at -20 °C for storage before they were used for the experiments. To 
remove methanol, the embryos were rehydrated in a water/methanol series with 
decreasing amounts of methanol (75%, 50% and 25%) in water, and soaked for at least 1 
hr in water. After blocking unspecific protein binding sites with 1 ml PBDT (see below) 
per vial for 1 hr at room temperature, the embryos were incubated with primary antibody 
(pH3 antibody, dilution 1:100 in PBDT) at 4 °C overnight. The antibody was removed by 







elite kit (Vector Laboratories, Burlingame USA). A biotin-coupled secondary antibody 
was diluted 1:1000 and 3,3’diaminobenzidine (DAB; Sigma, Germany) was used as 
chromophore.  
PBDT: 1% DMSO (100%), 1% BSA, 0.5% TritonX 100, 2.5% goat serum, 1% 10XPBS 
0.1% Tween20 dissolved in water. 
3.21 Immunostaining on cryosections  
3.21.1 Preparation for sectioning 
The fixed embryos were first transferred into molten 1.5% bactoagar, equilibrated with 
30% sucrose at 50 °C in a small petridish. The samples were adjusted to the required 
orientation before the agar solidified. After the agar block solidified, unwanted agar was 
removed with a razor blade for proper positioning and sectioning of the sample. The 
block containing embryos was transferred to 30% sucrose and incubated at 4° C 
overnight for equilibration. 
3.21.2 Sectioning 
The block was placed on the frozen surface of a layer of tissue freezing medium 
(Reichert-Jung, Germany) on the prechilled tissue holder. The block was then coated with 
a drop of cryostat freezing medium and frozen in liquid nitrogen until the block had 
solidified completely. The frozen block was placed in the cryostat chamber (Leica CM 
1850) for 3 hrs to equilibrate with the chamber temperature of -27 °C. In this experiment, 







slides were dried at room temperature for 2 hrs and then kept at -20° C or processed for 
immunostaining. 
3.21.3 Immunostaining  
The slides were rinsed thrice with PBST for 10 mins. After wash, blocking with 5% 
sheep serum in PBS at room temperature for a period of 1 hr was carried out. The 
primary antibody was diluted to the appropriate dilution, added to slides and incubated at 
4° C overnight. The primary antibody was subsequently removed from the slides and 
washing was carried out with PBS for 4 times, 10 mins. Each secondary antibodies 
diluted 1:1000 in PBS containing 5% blocking reagent were applied to the slides and the 
staining was processed as mentioned in the Vectastain elite kit (Vector Laboratories, 
Burlingame USA).  
3.22 Extraction of proteins from zebrafish embryos for SDS-PAGE and Western 
blot Analysis  
3.22.1 Protein sample preparation 
Embryos of the appropriate developmental stages were manually dechorionated and 
washed in 30% Danieau`s medium. This was followed by the removal of yolk by pipeting 
the samples up and down repeatedly in ice cold Deyolking buffer with 1mM PMSF as a 
protease inhibitor. After pipeting, the embryos were shaken on a thermo mixer and 
centrifuged at 300g for 30 sec to pellet down the embryo pieces. Pellets were washed 







Deyolking buffer: 55 mM NaCl, 1.8 mM KCl, 1.25 mM NaHCO3. Wash buffer: 110 mM 
NaCl, 3.5 mM KCl, 2.7 mM CaCl2, 10 mM Tris/Cl pH8.5.  
The pellet in the tube was lysed with RIPA buffer on ice. After lysis, 100 µl of SDS-
PAGE loading buffer (2µl/ embryo) were added, heated up to 95 °C for 5 mins and stored 
at -80°C.  
RIPA buffer: 50 mM Tris-HCl pH8.0, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% 
sodium deoxycholate.  
Loading buffer: 125 mM Tris-HCl pH6.8, 4% SDS, 20% glycerol, 0.2% bromophenol 
blue, 10% 2-mercaptoethanol (added freshly).  
3.22.2 SDS-PAGE and Western blot analysis  
Protein samples were resolved in an SDS-PAGE gel (12% resolving gel and 5% stacking 
gel) in Tris/glycine running buffer (pH 6.8) with the mini-PROTEAN Tetra Cell system 
(BioRad). All reagents required for the composition of the polyacrylamide gel were 
purchased from BioRad, with the exception of TEMED, which was purchased from 
Sigma Chemicals. The SDS-PAGE gels were run initially at 70 V for 30 mins, then 
changed to 170 V for 80 mins or until the dye front reached the bottom of the gel.   
Running buffer (10X): 25Mm Tris base, 190mM Glycine, 0.1 % SDS pH around 8.3 
The proteins were transferred to nitrocellulose membrane (GE Healthcare) using the Bio-
Rad Mini Trans Blot wet method, at 80 V for 50 mins. On completion of the transfer, 







Tween 20 (TBST) (0.1% (v/v) Tween 20) for at least 60 mins before primary antibody 
incubation overnight at 4 °C, at a dilution of 1:1000. After three vigorous 10 min washes 
in TBST, the appropriate secondary antibodies (1:1000 dilution in 5% non-fat milk 
dissolved in TBST) were added and incubated for at least 45 mins at room temperature. 
This was followed by three more vigorous 10 min washes with TBST. Enhanced 
Chemiluminescent (ECL) substrate (GE Healthcare) was used according to the 
manufacturer’s instructions and the Amersham Hyperfilm ECL (GEHealthcare) were 
used to detect the signal.  
TBS 10X: 0.5 M tris-HCL,1.5 M NaCl,  pH7.4 
3.23 Preparation of capped messenger RNA for microinjection 
All templates were linearized by digestion with the restriction enzyme NotI, which cuts in 
the multiple cloning site downstream of the polyadenylation signal in the pCS2p+ vector. 
5-10 µg template DNA were used for the reaction. Digestion was performed as described 
earlier (see 2.2.9). All following steps were performed under RNase free conditions. The 
linear DNA was purified by phenol:chloroform extraction and precipitated with 100% 
ethanol with 1/10 volume of 3M NaOAc at -80 °C. The pellet was resuspended in water 
and used for in vitro transcription with the SP6 RNA polymerase (mMessage Machine 
kit, Ambion; performed according to the manufacturer’s instructions). After the reaction, 
mRNA was cleaned up using the RNeasy kit (Qiagen). 








The procedure of microinjection into early zebrafish embryos was performed as 
described in (Westerfield, 2000). Freshly laid zebrafish eggs were collected and kept in 
30% Danieau`s medium. Fertilized eggs were placed in preformed agarose moulds in an 
injection plate to prevent movements of the eggs during injection. For this, 1.5% agarose 
in 30% Danieau`s medium were boiled and allowed to polymerize while cooling down. 
The moulds were obtained by using a plastic former. The diameter of the moulds 
correlated with the chorion size of the zebrafish eggs, so that they could easily be 
positioned and oriented by pressing them down into the grooves. During the 1- and 2-cell 
stage, RNA solutions or antisense Morpholino solutions were injected into the yolk 
directly underneath the blastomeres using an air driven microinjection apparatus 
(Femtojet, Eppendorf). Capped mRNA was injected at 100 ng/µl, Morpholino antisense 

















4.1 Whole mount in situ hybridization of miRNA130a expression during zebrafish 
embryogenesis 
In zebrafish, 369 miRNA entries corresponding to 168 different miRNA genes have been 
registered.  Many of the conserved miRNAs show organ specific expression at late stages 
of development (Giraldez et al, 2005). Northern blot analysis with total RNA extracted 
from different developmental stages or adult tissues showed that miRNA130a / b / c is 
expressed ubiquitously in zebrafish. At 24 hpf miRNA, 130a showed very weak 
expression, while at 48 hpf expression it was strongly increased. Later, constant 
expression levels were maintained for 5 days (Kloosterman et al, 2006).  
To determine the spatial as well as temporal expression pattern of miRNA130a, whole 
mount in-situ hybridization with LNAs (Locked Nucleic Acids) was carried out. LNAs 
are a new class of bicyclic high-affinity modified RNA molecules with higher thermal 
stability and specificity. The specificity is high enough to discriminate single mismatches 
(Kloosterman et al, 2006). Antisense LNAs for mature miRNA130a were used as probe 
in wild-type embryos, whereas a scrambled miRNA was used as control for unspecific 
staining and. At 24 hpf, miRNA130a expression was below detection limit and. At later 
stages consistent with previous findings, miRNA130a showed a broad expression 
including in the central nervous system (Fig. 8D-F, J-L). At 48 and 72 hpf, strong 





















Fig. 8. Expression of miRNA130a in wild-type larvae as analyzed by RNA in situ hybridization 
with LNA probes. All pictures in left column are lateral views of complete larvae, center column 
shows lateral views of head region, right column shows dorsal views of head with anterior to the left. 
(A-F) miRNA130a expression at 48 hpf. (A-C) LNA in situ with control scrambled miRNA sequence. 
(D-F) LNA in situ with miRNA130a sequence. (G-L) miRNA130a expression at 72 hpf. (G-I) LNA in 
situ with control scrambled miRNA sequence. (J-L) LNA in situ with miRNA130a. Higher 
miRNA130a expression was observed in the head region as indicated with black and white arrows 










4.2 Bioinformatic prediction of possible mRNA targets for miRNA130a 
miRNA130a is reported as a motor neuron expressed miRNA (Dostie et al, 2003). Thus, 
genes involved in the development of motor neurons could be possible targets of 
miRNA130a. Therefore, I focused my searched for miRNA130a targets on components 
of lateral inhibition. The online zebrafish miRNA target searching tool, ‘miRNABase 
Target version 5’ (Griffiths-Jones et al, 2008) predicted her12 and cullin-associated and 
neddylation-dissociated1 (cand1) as possible targets. In addition, the mouse miRNA 
target searching tool ‘microRNA.org’ predicted HES7 as one of the targets for 
miRNA130a (Betel et al, 2008). Only a few target predication programs are available for 
zebrafish miRNAs. Moreover each of them differs in their criteria for selecting targets. 
Here, I try to expand the number of putative miRNA130a targets on the basis of (i) 
miRNA130a binding site conservation and (ii) predicted binding affinities of 
miRNA130a in the conserved region. 
4.2.1 miRNA130a binding site conservation 
It has been reported that miRNAs play an evolutionary conserved role and that miRNA 
target sequences can be classified into conserved and non-conserved target sites (Farh et 
al, 2005). Conserved sites in the 3’ UTR sequences act as developmental switches such 
that conserved mRNA expression in specific tissues will be maintained in different 
species (Stark et al, 2005). There are seven members in the HES family (Hes1-7) 
(Kageyama et al, 2007) and the mouse Hes7 gene was predicted to be a target for 
miRNA130a. In zebrafish, the copy number of the orthologous her genes is higher due to 







7, 9, 11, 12, 13.1, 13.2 and 15. Phylogenetic analysis, protein alignments and in silico 
mapping of her genes classified different her genes to the corresponding mouse Hes 
orthologs, i.e. her6.1, her6.2 and her9 to Hes1, her13.1 and her13.2 to Hes6, her4 and 
her12 to Hes5 and her1, her5, her7 and her11 to Hes7 (Gajewski et al, 2006). As Hes7 
has not been predicted as miRNA130a target, this suggests that her1, her5, her7 and 
her11 could be possible targets for miRNA130a in zebrafish. Fig. 9 shows the 
conservation of predicted miRNA130a binding regions between the different orthologues. 
Among the Hes7 orthologues her1, 11, 7 and 5, her7 and her5 show more conservation in 
the miRNA130a binding region than the others (Fig. 9A). On the other hand for the Hes5 
orthologues (Fig. 9B), both her12 and her4 show similar conservation in the predicted 
miRNA130a binding region. Overall, the miRNA130a binding sites in all of the 
orthologues analyzed above show a relatively low level of conservation (Fig. 9A & B).  
 
















Fig. 9. Conservation of miRNA130a binding sites in mouse Hes7 and its her orthologues and in Hes5 and 
its orthologue her12. Predicted miRNA binding sites are highlighted by blue nucleotides, asterisks indicate 
conserved nucleotides in this region. Overall, miRNA130a binding sites in all of the orthologues show a 
relatively low level of conservation. 
4.2.2 Predicted binding affinities of miRNA130a in the conserved region 
miRNA target sites have been classified into three categories : (i) 5’-dominant canonical, 
(ii) 5’-dominant seed only and (iii) 3’-compensatory sites (Sethupathy et al, 2006). The 
miRNA/target site binding stability is evaluated on the basis of its free energy ΔG. This 
has been proposed to be an important determinant for a miRNA target interaction. The 
minimal requirement from such energy perspectives has been proposed to be around -13 
kcal/mol (Didiano et al, 2006; Elton et al, 2007; Kuhn et al, 2008). miRNA targets 
validated at the level of protein regulation were reported to be located preferentially in 
the regions with high free energy (ΔG) and unstable secondary structures (Zhao et al, 
2005). miRNA:mRNA interactions were not active if the free energy of the first 8 
nucleotides of the miRNAs was less than approximately −5 kcal/mole. On the other hand, 







et al, 2004). The minimal ΔG required for miRNA mediated repression was postulated to 
be around –13.3kcal/mol (Didiano et al, 2006; Elton et al, 2007; Kuhn et al, 2008). 
Combinatorial regulation by several miRNAs for target sites which are poorly conserved 
showed less free energy of interaction (Li et al, 2008; Stark et al, 2005). 
Considering binding energy and evolutionary conservation, a ClustalW analysis was 
performed using 3’ UTRs of different orthologues. The free energy of particular 
interactions was calculated using the RNAHybrid (Rehmsmeier et al, 2004). 
RNAHybrid identifies regions in the 3’UTRs that have the potential to form a 
thermodynamically favourable duplex with a specific miRNA sequence. Normalization 
for both 3’UTR and miRNA length was also taken into consideration for calculation of 
the free energy (Rehmsmeier et al, 2004).  
A. Deduced miRNA130a binding affinities for Hes7 orthologues 
 
HES7: miRNA130  interaction at position 19     
 
HES7 : 5'   U    GUGUG            C 3' 
             CCCU     UAGCAUUGUACU     
             GGGA     AUUGUAACGUGA     
miRNA:  3' UAC    AA               C 5' 
	  





her1: miRNA130a  interaction at position 573    
                    
her1:  5' U       GGGGUCU    UG A 3'  
           GUGUUCU       UUGC  U     
           UACGGGA       AACG  A     
miRNA:  3'         AAAUUGU    UG C 5' 
	  










her11: miRNA130a  interaction at position 162   
 
her11:   5'       A    C          U 3'   
                 UUUA UAUU UAUUG     
                 AAAU GUAA GUGAC     
miRNA  3' UACGGGA    U    C       5' 
 





her7: miRNA130a  interaction at position 202  
	  
	  
her7:  5'   C            GAUC       G 3'  
             UCCUU   GCAU    UGUACUG     
             GGGAA   UGUA    ACGUGAC     
miRNA  3' UAC     AAU                 5' 
 
mfe: -20.6 kcal/mol 
	  
	  
	   	  
 
her5: miRNA130a  interaction at position 210  
	  
	  
her5 : 5' N                  C    3'   
 
           GUGCU   UUGGC UUGU        
           UACGG   AAUUG AACG        
miRNA: 3'       GAA     U    UGAC 5' 
	  
mfe: -14.8 kcal/mol 
	   	  
 
B. Deduced miRNA130a affinities for Hes5 orthologues 
 
HES5: miRNA130a  interaction at position 321 
 
HES5:  5'  A    GUAGAG   UUUCUUCAGGGCCC     U    G 3' 
            GCCC      GAC              GUUGC GCUG     
            CGGG      UUG              UAACG UGAC     
miRNA: 3' UA    AAAA                               5' 
	  











her12: miRNA130a  interaction at position 274 
	  
her12 :5'   U   A   CUGU        A 3' 
             UCC UUU    UUGCACUG     
             GGG AAA    AACGUGAC     
miRNA :3' UAC   A   UUGU          5' 
	  
mfe: -19.2 kcal/mol 
 
 
her4: miRNA130a  interaction at position 321 
 
 
her4:  5'  A  AUUUCA      U       A   3' 
            GU      CUUUUA   UUGUA       
            CG      GAAAAU   AACGU       
miRNA: 3' UA  G           UGU     GAC 5' 
	  





C. Deduced miRNA130a affinities for cand1 and her3 
cand1: miRNA130a  interaction at position 75 
 
 
Cand1: 5'  G A     G  UUGUUCCAU           A 3' 
            G CCCUU UA         GCAUUGCACUG     
            C GGGAA AU         UGUAACGUGAC     
miRNA: 3' UA       A                        5' 
	  
mfe: -27.4 kcal/mol 
 
 
cand1: miRNA130a  interaction at position 664 
  
Cand1: 5' C        CUU         U 3' 
           UGCUUUUU   UAUUGCAUU     
           ACGGGAAA   GUAACGUGA     
miRNA: 3' U        AUU         C 5' 
	  











her3: miRNA130a  interaction at position 61 
 
her3 : 5' U     CU              U 3' 
           UGCUU      CA UGCACUG     
           ACGGG      GU ACGUGAC     
miRNA: 3' U     AAAAUU  A         5' 
 
mfe: -19.4 kcal/mol 
 
 
     
 
Fig. 10. Predicted duplex formation of miRNA130a with the conserved binding sites in the 3’UTRs of Hes7 
and its her orthologues (A) and Hes5/her12 orthologues (B). On the left, interacting nucleotide moieties of 
miRNA (green) and mRNA (red) and the calculated free energy (mfe: minimum free energy) of the interaction 
are shown. On the right, predicted secondary structures of this interaction are shown. For the Hes5 
orthologues, a high binding energy of interaction was noticed in the less conserved regions. For the her12 
ortholgues, Hes5 has the highest binding energy (-21.9 kcal/mol). Fig. 10C.  miRNA130a interaction with the 
predicted target mRNAs her3 and cand1. Two miRNA130a binding sites showed high ΔG in the cand1 3’-
UTR, while perfect base pairing was observed in her12 UTR and moderate interaction with her3 UTR.	  
                   


















cand1 position 75 -27.4 









When Hes7 and Hes5 are compared, miRNA130a is predicted to bind with higher affinity 
to Hes7 than to Hes5 (Fig. 10A, B). Among the Hes7 orthologs, the binding energy 
between the UTR and miRNA130a is highest for (her7>her1>her5>her11) (-20.6 
kcal/mol > -18.7 kcal/mol > -14.8 kcal/mol > -8.7 kcal/mol), while for Hes5 orthologs, 
her12 has the highest binding energy (-19.2 kcal/mol) (Table 3). Based on these 
calculations, it seems that miRNA130a binds to each ortholog with different strength. 
Noteworthy, however, each calculated binding energy is high enough to consider them all 
as targets. Considering all these predictions with respect to binding energy and 
evolutionary conservation, her3, her12 and cand1 appear as the most promising 
candidates for miRNA130a binding (Fig. 10C). cand1 contains two miRNA130a binding 
sites along with higher ΔG values (27.4 and 21.5 kcal/mol), while her12 UTR shows 
perfect base pairing in the seed region and the her3 UTR only shows moderate 
interaction. However, the her3 ortholog in mouse is not known and cand1 is poorly 
conserved. Both her3 and cand1 are linked to Delta-Notch signalling. her3 is a 
downstream target of Delta-Notch signalling, while cand1 is involved in regulating Notch 
intracellular domain (NICD) degradation by activation of Cand1-Cullin protein 
degradation complex or E3 ligase of the proteasome (Goldenberg et al, 2004). The 
function of her3, like that of other members of the E(spl) family, depends on Notch 
signalling. However, her3 differs from the other family members as its transcription is 







her12, her3 and cand1 appear as good candidates for miRNA130a binding and were 
further validated. 
4.3 miRNA130a regulates Delta-Notch signalling  
Bioinformatic target predictions suggested her3, her12 and cand1 as possible targets for 
miRNA130a and all three genes are directly implicated in Delta-Notch signalling. her 
genes are downstream targets of Notch, while cand1 degrades receptor and ligand 
moieties. To analyze whether Delta-Notch signalling components are affected by 
miRNA130a knock-down and over-expression, in situ hybridization (ISH) was performed 
with antisense RNA probes of key components involved in Delta-Notch signalling.  
Knock-down of miRNA130a after injection of Morpholino oligos resulted in strongly 
increased expression of deltaA in the hindbrain region (in 18 out of 27 embryos), i.e. in 
the rhombomeres (Fig. 11B, D), but also in the midbrain and eyes. In the morphants, 
increased expression of dlA was evident within the bilateral strings compared to 
mismatch Morpholino injected control (in 13 out of 17 embryos) and wild-type embryos 
(in 12 out of 15 embryos) (Fig. 11G, A). Importantly, expression of dlA outside the brain, 
i.e. in cranial ganglia, was not affected and served as internal staining control (Fig. 11A, 
B). In contrast, over-expression of miRNA130a resulted in significantly lower levels of 
dlA expression and even complete absence of dlA positive cells in the lateral regions of 
all rhombomeres while the medial region remained unaffected as indicated by black 
arrow heads (11/27) (Fig. 11F, F’). It had been reported that dlA is expressed in neural 
precursor cells that are positive for Glial Fibrillary Acidic protein (GFAP), while it is 







HuC/D (Wakamatsu et al, 1997). This implies that the dlA positive cells in the 
rhombomeres of miRNA130a morphants are not differentiated yet but represent neural 























The Notch receptor is activated by Delta ligands on the surface of neighboring cells. The 
interaction between the Delta ligand and Notch receptor was shown to be critical in 
determining the number of neurons formed from precursors in the rhombomeres (Riley et 
al, 2004). When notch expression levels were analyzed in the miRNA130a morphants, a 
significant increase in the expression of notch3 (Fig. 12B) and was observed (in 10 out of 
15 embryos). In contrast, in siRNA injected embryos over-expressing miRNA130a, a 
significant decrease in notch3 transcription was observed (Fig. 12D) (in 18 out of 25 
embryos). These changes are very similar to those for dlA expression (Fig. 11). As dlA 
and notch3 transcription is strongly affected in embryos with altered miRNA130a activity 





Fig. 11. miRNA130a affects deltaA expression in rhombomeres of zebrafish embryos. Interfering with 
miRNA130a affected the expression of Delta-Notch component deltaA (dlA) at 48 hpf. In situ hybridization 
was performed to detect dlA expression. (A, B) Lateral views at same magnification of wild-type larvae and 
morphants. (C, D) Dorsal views of hindbrain, C: wild-type D: morphant. (E, F) Dorsal views of hindbrain, E, 
E’: wild-type F, F’: miRNA130a over-expressing embryos. Note the absence of dlA positive cells in all 
rhombomeres as indicated with black arrow and no change in the medial region. Hindbrain region is 
highlighted by an open square bracket. Cranial ganglia indicated in A and B act as internal control for 
staining and staging of the embryos.  (G-I), controls for the experiments, Embryos injected with G: 












Fig. 12. Analysis of notch expression in embryos injected with miRNA130a Morpholinos and siRNA. 
In situ hybridization with notch3 riboprobes was carried out to detect the effects of miRNA130a on 
expression of Delta-Notch components in rhombomeres of the hindbrain (white and black square brackets) 
at 48hpf. .  Dorsal views of control wild-type embryos (A,) and embryos injected with Morpholinos (B) 
stained in the same batch. (C, C’): wild-type embryos. (D, D’): miRNA130a over-expressing embryos. (E, 
E’): sense strand injected control embryos. Note that knock-down of miRNA130a resulted in an increased 
expression of notch 3 in the hindbrain (B,)  while over-expression of miRNA130a led to significantly lower 












After activation of Delta-Notch signaling, cells remain in the proliferative progenitor 
state expressing high levels of Notch, while cells likely to begin differentiation express 
high levels of Delta. Once the differentiating cells express Delta, they activate the 
downstream gene, ngn1. Similar to dlA expression in neural precursors, ngn1 is also 
expressed in precursors whose fate is still being determined. This includes cells that are 
still proliferating (Ma et al, 1996). Ngn1 n turn also activates transcription of Delta by 
binding to specific sites in its promoter region. Key to the process of lateral inhibition is a 
direct and dose-dependent transcriptional activation between these two components of the 
pathway (Bray, 2006); (Bertrand et al, 2002). To check whether ngn1 expression and 
consequently Delta activity is affected in embryos after knock-down or over-expression 
of miR-130a, in situ hybridization with a ngn1 probe was carried out 
Knock-down of miRNA130a resulted in an increased expression of ngn1 in the 
rhombomeres of the hindbrain (in 9 out of 20 embryos) (Fig. 13B). Similar to the 
situation of dlA up-regulation in rhombomeres (Fig. 11), increased expression within the 
bilateral strings of ngn1 positive cells was observed in miRNA130a morphants. Over-
expression of miRNA130a on the other hand resulted in significantly reduced levels of 
ngn1 in all rhombomeres and even complete absence of ngn1 in the lateral regions (in 11 
out of 19 embryos) (Fig. 13E). All changes in ngn1 expression were very similar to the 
dlA patterns observed after knock-down and over-expression of miRNA130a, which 
suggests a possible interaction between both components, as reported earlier (Bertrand 








Fig. 13. Analysis of the effect of miRNA130a on neurogenin1. In situ hybridization with ngn1 
riboprobe was carried out to detect the effects of miRNA130a on ngn1 expression. (A, B, C) Lateral 
views of whole mount embryos showing ngn1 expression at 48 hpf and the corresponding dorsal views 
of hindbrain (A’, B’, C’). (A, A’): wild-type embryos. (B, B’): miRNA130a morphants. (C, C’): 
embryos injected with miRNA130a mismatch Morpholinos. (D, E, F) Lateral views of whole mount 
embryos showing ngn1 expression and the corresponding dorsal views of flat mounts (D’, E’, F’). (D, 
D’): wild-type embryos. (E, E’): miRNA130a over-expressing embryos. (F, F’): embryos injected with 
sense strand control oligos. Note increased ngn1 expression in (B, B’) as indicated by white arrow head 
and decreased ngn1 expression domain in E, E’ (white arrow head).   
 
4.4 miRNA130a regulates the maintenance of neuronal progenitors 
Knock-down and over-expression of miRNA130a significantly affected expression of 
Delta-Notch signalling components in the hindbrain. To analyze whether neural 
progenitors have been affected in these embryos they were analyzed for expression of 
proliferating cell nuclear antigen (PCNA), PhosphoHistone3 (pH3), and GATA2 after 








PCNA is a protein that interacts with DNA polymerase δ and acts as a DNA clamp 
during DNA replication and repair (Lu et al, 2002). It was technically not possible to use 
PCNA immunostaining in a whole-mount procedure at 48 hpf. Therefore, in situ 
hybridization with pcna riboprobes was used as this gives robust signals at this stage and 
previous reports have successfully used pcna riboprobes for analyzing the proliferation 
status of neuronal cells (Koudijs et al, 2005; Yang et al, 2007). pcna is expressed in 
neural progenitors in the proliferative regions of the brain and its expression gradually 
decreases as differentiation proceeds. After miRNA130a knock-down (13/17) (Fig. 14 B, 
B’, B’’) and miRNA130a over-expression (14/23) (Fig. 14 C, C’, C’’), embryos showed 
obvious differences in the pcna expression pattern when compared to non-injected 
control embryos (Fig. 14 A, A’, A’’). In morphants, increased pcna expression was 
observed in the MHB region, which contains pools of progenitors that show delayed 
neuronal differentiation (Tallafuss et al, 2003). In contrast, miRNA130a over-expression 
resulted in significantly lower levels of pcna transcription. These findings suggest that 
miRNA130a is required for the maintenance of proliferating progenitors. When 
miRNA130a is not available, this proliferation is not restricted leading to increased 
expression of pcna around the midbrain-hindbrain boundary (MHB). In contrast, its over-





























Fig. 14. Analysis of miRNA130a’s role for the maintenance of neural progenitor proliferation. In situ 
hybridization with pcna riboprobe was carried out to detect the effects of miRNA130a on neural 
proliferation. (A, B, C) Dorsal views of pcna stained embryos taken at low magnification.  (A’, B, C’) 
Lateral views of whole mount embryos and the corresponding dorsal views of midbrain at higher 
magnification (A’’, B’’, C’’). (A, A’, A’’): Wild-type embryos. (A, A’, A’’): miRNA130a morphants. (B, 
B’, B’’): miRNA130a over expressing embryos. Note increased pcna expression in the morphants (B, B’, 
B’’) and reduced expression domain in the miRNA130a over-expressing embryos (C, C’, C’’) as indicated 









To analyze the mitotic status of neural progenitors in miRNA130a morphants, 
immunostaining with phospho-Histone H3 antibody (pH3) was performed. Histones can 
be used as markers to detect mitotically active cells. Histone3 is phosphorylated only 
when cells enter the mitotic phase and it remains unphosphorylated in other phases of the 
cell cycle (Hendzel et al, 1997; Strahl et al, 2000). pH3 immunostaining in the 
miRNA130a knock-down embryos showed disorganization of pH3 positive and 
mitotically active cells in the progenitor domains mainly in the hindbrain region (in 8 out 
of 15 embryos) (Fig. 15B, B’, B’’, E, E’). Moreover, mitotically active cells were seen in 
regions where they are not found during earlier or later stages of development in control 
uninjected wild-type embryos in the regions of the hindbrain (Fig. 15A, A’, A’’, D, D’). 
In contrast, in miRNA130a over-expressing embryos a significant decrease in the number 
of mitotic cells was observed (in 20 out of 25 embryos) in the rhombic lip, a distinct 
boundary in the hindbrain (Fig. 15C, C’, C’’, F, F’). The remaining pH3 positive cells, 
showed obvious defects in migration and as a result pH3 positive cells remained near to 
the center of the neural tube. These findings indicate that miRNA130a is required for 



















Fig. 15. Effects of miRNA130a on mitosis in the embryonic brain. Disruption of 
miRNA130a function leads to disorganization and random migration of neural 
precursors. (A, A’, A’’) pH3 immunostaining in wild-type embryos. (B, B’, B’’) 
miRNA130a morphants. (C, C’, C’’) miRNA130a over-expressing embryos. In 
morphants, disorganized and ectopic mitotic cells were observed (B, B’, B’’), while in 
miRNA130a over-expressing embryos, an absence of the lateral hindbrain boundary 
region (rhombic region) (black arrow head) and less mitotic cells were observed. (D, 
D’) Sections at the level of otic vesicles (E) and fin buds (E’) in wild-type embryos, 
(E, E’) in morphants and (F & F’) in miRNA130a over-expressing embryos. Otic 
vesicles and fin buds are marked by black arrow heads, while white arrow heads 
indicates less pH3 positive cells in miRNA130a over-expressing embryos. White line 
within the black square bracket represents level of section; however sections were 
done in a different embryo.	  
 
To gain more insight into neural progenitor organization, live imaging in stable 
transgenic gata2:GFP larvae was carried out. In this line, GFP is expressed in neuron 
progenitors due to a positional effect of the integrated transgene, which is inserted close 
to a neuron specific enhancer. Importantly, this does not represent the endogenous 
GATA2 function, but this line can be used as a useful marker for progenitor migration. 
Similar to the situation above, Koster et al. (2006) also used stable transgenic gata1:GFP 
larvae for their studies on neuronal migration in the hindbrain. In this line, GFP is 
expressed in blood cells and in various neuronal populations including cells in the 
rhombic lip (Koster et al, 2006). Later, Volkmann et al. (2008) used the same line to 
study neuronal precursor migration in the rhombic lip. Migration of neuronal precursors 
started with the cells leaving the lip border at 28 hpf. After leaving the lip border, they 
follow a radial migration route. By 48 hpf, GFP-expressing granule precursor cells appear 







precursors migrated over the surface of the cerebellum and rhombic lip and underwent 
their final phases of mitosis in the cerebellum. Furthermore, they showed that a fraction 
of migratory GFP-positive was also positive for pH3 (Volkmann et al, 2008).  
In my experiments using gata2: GFP larvae, both miRNA130a knock-down and over-
expression resulted in similar disorganized patterns like those observed with pH3. In 
morphants (in 13 out of 15 embryos), a disorganized distribution of GFP positive cells 
was observed in the hindbrain and GFP positive cells were observed all over the 
hindbrain (Fig. 16B’), whereas in the un-injected control embryos, GFP positive cells 
remained within organized domains (Fig. 16A). In contrast, less GFP positive cells and a 
reduced hindbrain border were observed in embryos overexpressing miRNA130a (in 9 
out of 18 embryos) (Fig. 16C). It is most likely that the disorganized cells in the 
morphant hindbrain are progenitors as fully differentiated cells do not migrate. Moreover, 
precursors start migrating from the rhombic lip towards the cerebellum at around 28 hpf.  
In summary, these findings suggest (i) that progenitors proliferate more actively in the 
morphants (ii) that these proliferating progenitors fail to migrate properly, and (iii) that 












Fig. 16. Effect of miRNA130a on neuronal precursor organization and migration analyzed in the transgenic 
gata2: GFP embryos. Similar to pH3 immunostaining (Fig. 15), disorganization in the precursor domain was 
observed in the hindbrain. All images in the left column are low magnification lateral views of the GFP pattern in 
embryos. Middle panel shows embryos in dorsal view of the hindbrain taken in bright field. Same magnification 
views of the corresponding hindbrain areas are shown on the right. Uninjected embryos (A-C), morphants (D-E) and 
siRNA130a injected embryos (G-I). Disorganization of the neural precursor region in the rhombic lip is indicated 
with discontinuous white dotted line in the hindbrain in the right panel. White arrow heads depict deformed GFP 









Fig. 17. Effect of miRNA130a on neuronal precursor organization and migration analyzed through 
immunostaining with GFP antibody in the transgenic gata2:GFP embryos. (A, A’) GFP 
immunostaining in the un-injected embryos, (B, B’) miRNA130a morphants, (C, C’) miRNA130a over-
expressing embryos. Corresponding transverse sections of the hindbrain at the level of otic vesicles (A’, 
B’& C’). Along with disorganized distribution, more GFP positive neural progenitors in the morphants (B, 










4.4 miRNA130a is involved in fine-tuning of neuronal differentiation 
The findings described above ( pcna, pH3 and gata2:GFP) suggest that miR-130a not 
only regulates progenitor proliferation but also Delta-Notch signalling. To check if neural 
differentiation has been affected, the embryos were analyzed for expression of HuC/D, 
acetylated tubulin, isl1/2 and the formation of th1+ dopaminergic neurons. 
huC belongs to the elav (embryonic lethal abnormal visual) family of highly conserved 
genes that encode RNA binding proteins. Its family members play crucial roles in neural 
development. Three of the four members, i.e. HuC, Hel-N1 and HuD, are neural specific, 
whereas HuR is expressed ubiquitously in all proliferating cells. HuC/D is expressed 
immediately after neuronal differentiation has started, as it is necessary for the 
differentiated state (Ma et al, 1996; Szabo et al, 1991; Wakamatsu et al, 1997). All 
members of the elav family contain AU-rich elements (ARE) in their 3’-UTRs. ARE sites 
are targets for rapid degradation. When Elav proteins bind to the ARE sites this 
degradation is inhibited which leads to increased stability of the corresponding 
transcripts. Elav proteins function within the nucleus and they are shuttled between the 
nucleus and cytoplasm by a nuclear export signal (Ma et al, 1997; Zhang et al, 1993). 
Sections of uninjected wild-type control, Morpholino-injected and miRNA130a 
overexpressing embryos were used for a detailed immunohistochemical analysis. Fig. 18 
shows transverse sections at the level of otic vesicles and pectoral fins representing the 
hindbrain region at 48 hpf. In the miRNA130a morphants, more progenitor proliferation 
and disorganization of pH3 and gata2:GFP positive cells was observed (Fig. 15B, 17B). 


















Fig. 18. Analysis of miRNA130a’s effect on early steps of neural differentiation (HuC/D). 
Immunostaining with HuC/D antibody was performed.  All figures are transverse sections of the hindbrain 
at the level of otic vesicles (A-C) and pectoral finbuds (D-F) at 48 hpf. Left column (A, A’, D, D’) shows 
wild-type embryos. Central column (B, B’, E, E’) represents miRNA130a knock-down embryos. Right 
column (C, C’, F, F’) shows miRNA130a over-expressing embryos. In sections (Fig. C, C’) of miRNA130a 
over-expressing embryo, significantly more HuC/D positive cells were observed while in the morphants (B, 
B’) less number of positively stained neurons was observed.	  
 
-the expectation, a decrease in HuC expression was found in the morphants, whereas 
increased staining after miRNA130a over-expression was noticed. In sections, at the level 
of the otic vesicles of Morpholino injected embryos (Fig. 18B, B’), disorganization and 
reduced numbers of HuC/D positive cells was observed, while in miRNA130a over-
expressing embryos, a significant increase in the expression of HuC/D (Fig. 18C) was 
observed when compared to uninjected wild-type controls (Fig. 18A). Similar patterns 
were also observed in more caudal hindbrain sections using the fin buds as a hallmark 
(Fig. 18 E & E’).  
To analyze whether these defects affect terminal differentiation of neurons, 
immunostaining with acetylated tubulin was carried out on the sections similar to the 
procedures described for the HuC sections. Acetylated tubulin stains all neuronal cell 
bodies together with their axons (Hoffman et al, 1988). In sections of in miRNA130a 
morphants (Fig.19B), less neuron occupying basal positions were observed. As expected, 
similar patterns were also observed more caudally in the hindbrain regions in sections 
where the fin bud was used as a hallmark (Fig. 19 A-F). In contrast, in the miRNA130a 







positive cells was observed. In wild-type uninjected controls, neurons occupy a basal 
position in the hindbrain and axons project into the central region of the section (Fig. 
19A), whereas in miRNA130a over-expressing embryos more neurons were observed in 
the central region. In addition, theses neuronal cells are tightly packed (Fig. 19C) when 













Fig. 19. Analysis of miRNA130a’s effect on terminal neural differentiation (acetylated tubulin). 
Immunostaining with acetylated tubulin antibody was performed. All figures are transverse sections of the 
hindbrain at the level of otic vesicles (A-C) and pectoral fin buds (D-F) at 48 hpf. Left column (A, A’, D, 
D’) shows wild-type embryos. Central column (B, B’, E, E’) represents miRNA130a knock-down embryos. 
Right column (C, C’, F, F’) shows miRNA130a over-expressing embryos. In sections (Fig. C, C’) of 
miRNA130a over-expressing embryos, significantly more number of acetylated tubulin positive cells 
(small black arrow heads) were observed while in the morphants (B, B’) less numbers of neurons were 
observed. 
 
 In contrast, in miRNA130a morphants (Fig.19B), less neuron occupying basal positions 
were observed. As expected, similar patterns were also observed more caudally in the 
hindbrain regions in sections where the fin bud was used as a hallmark (Fig. 19A-F). 
In summary, the results obtained for HuC/D and acetylated tubulin at 48 hpf are contrary 
to the results obtained with proliferation markers i.e. increase in morphants while 
decreased in over-expression was observed. There, increased proliferation in 
miRNA130a morphants suggested that miRNA130a is required for limiting proliferation 
of neural progenitors. Although there are more progenitors formed after knock-down, 
surprisingly these progenitors do not differentiate into mature neurons, which we 
concluded from a decrease in expression of a differentiation marker (HuC) and a 
reduction in the number of formed neurons (as evident by acetylated tubulin expression). 
Zebrafish have two types of motor neurons, primary motor neurons (PMNs) and 
secondary motor neurons (SMNs) (Beattie et al, 1997; Hutchinson et al, 2006). Primary 
motor neurons are born early in development and these neurons can be identified based 
on their cell body position and axon trajectories. In contrast to PMNs, SMNs arise later in 
development and are more in number. LIM homeodomain protein family members, 







specification and subtype adoption of motor neurons. Islet1 and 2 (Isl1/2) are LIM 
transcription factors generally used as markers for neurons (Gong et al, 1995; Korzh et 
al, 1993). In zebrafish, motor neurons express isl1 and isl2 around the time of cell cycle 
exit and Delta-Notch signalling regulates the formation of these neurons. Consistently, 
over-activation of Delta-Notch signalling through injection of full-length Xenopus Delta1 
mRNA into zebrafish embryos resulted in increased numbers of isl1 positive neurons 
(Haddon et al, 1998). isl1 and 2 play redundant roles, as isl2 can substitute isl1 to 
recover defects in mutants (Hutchinson et al, 2006). To gain more insights into neuronal 
differentiation, in situ hybridizations with isl1 and isl2 riboprobes were carried out. 
Knock-down of miRNA130a resulted in a decrease of expression of isl2 in the retina and 
the in hindbrain (Fig. 20B). In contrast, over-expression of miRNA130a led to 
significantly higher levels of isl2 however with a complete absence of one of the 
expression domains in the hindbrain (Fig. 20C). Moreover, fusion of isl2 domains in 
ganglia behind the retina region was observed (Fig. 20C’). Thus, the finding of increased 
isl2 expression is consistent with the earlier observations obtained for acetylated tubulin. 
To check whether similar changes could also be observed for isl1 expression, an in situ 
hybridization with isl1 riboprobe was carried out. Knock-down of miRNA130a resulted 
in the reduction of isl1 expression in rhombomeres (Fig. 21B). Additionally, a significant 
decrease of isl1 expression was observed in the retina. On the other hand, in miRNA130a 
over-expressing embryos (Fig. 21C) no significant change in the expression of isl1 was 
noticed in the hindbrain compared to non-injected wild-type controls. However a 







consist of several neuronal layers in which retinal precursors utilize Delta-Notch 
signaling to regulate their fates (Ahmad et al, 1997; Austin et al, 1995). Over-expression 
of Delta proteins and activation of Notch signalling also prevents retinal cell 
differentiation in frog and chick (Coffman et al, 1993; Henrique et al, 1997). In contrast 
to the situation of dlA, ngn1 and notch3 (Fig. 11E, 12B, 13B), which are expressed in 
neural precursors, a decrease of retinal isl1 expression in miRNA130a morphants (in 12 
out of 19 embryos) (Fig. 21B) and an increase in miRNA130a over-expressing embryos 
(Fig. 21C) was observed. These changes suggest that the number of differentiated 
neurons expressing isl1 is increased in the retinas of miRNA130a overexpressing embryo 
(in 19 out of 22 embryos), in concurrence with an increase in newly born neurons and 
differentiated neurons. In summary, the findings for both isl1 and isl2 are in accordance 


















Fig. 20. Analysis of miRNA130a’s on isl2 expression. In situ hybridization with isl2 riboprobe was 
carried out to detect the effects of miRNA130a knock-down and over-expression on isl2 positive 
neurons. (A, B, C) are dorsal views of isl2 stained embryos taken at lo magnification. Left panel shows 
wild-type (A, A’), center panel miRNA130a knock-down (B, B’) and right panel shows embryos with 
miRNA130a over-expression (C, C’). The black arrow heads point to the hindbrain regions where isl2 
expression was reduced and white asterisks highlight significant differences in isl2 expression. Knock-
down of miRNA130a resulted in a decrease of isl2 expression in the retina and in the hindbrain (B, B’). 
In contrast, over-expression of miRNA130a led to significantly higher levels of isl2 with complete 

























Fig. 21. Analysis of miRNA130a’s effect on neuronal differentiation analyzed by isl1 expression. In 
situ hybridization with isl1 riboprobe was carried out to detect the effects of miRNA130a on differentiation 
of isl1 positive neurons. (A, B, C) are dorsal views of the hindbrain taken at low magnification while (A’, 
B’, C’) show higher magnification views. A: wild-type embryo; B: miRNA130a morphant; C: miRNA130a 
over-expressing embryo. Note that, after miRNA130a knock-down, reduced expression of isl1in retina 
(indicated with black arrow heads) and in hindbrain (B’) was observed, while in miRNA130a over-








miRNA130a is expressed ubiquitously in the brain and affects differentiation of isl1,isl2 
HuC/D and acetylated tubulin expressing neurons. To check, if it also regulates 
differentiation of specific dopaminergic neurons (DA), in situ hybridization with a 
tyrosine hydroxylase (th1) marker was performed.  
Knock-down of miRNA130a resulted in a small change in DA neurons organization but 
it was not obvious (data not shown).  Increase in the injection dose would give more 
obvious change in the th1 pattern, but it also favors non-specific effect, while over-
expression resulted in the disorganization of the DA neurons. In the ventral diencephalon 
(hypothalamus) along the tract of postoptic commissure (in 9 out of 16 embryos), 
hypothalamic DA neurons are organized in three clusters, which are subdivided into two 
types depending on their bilateral location (left or right). DA neurons on the right side are 
classified as cr1, cr2 and cr3 and on the left side as cl1, cl2 and cl3. In miRNA130a over-
expressing embryos, all clusters cr1-3 and cl1- 3 are present but the th1 pattern within the 
cluster is highly variable compared to non-injected and sense strand injected control 
embryos. This indicates that in general specification of th1 positive neurons is not 
affected. However, in cl2 a significantly lower number of th1 positive cells was observed 
(Fig. 22B). In cl3 and cr3, also a complete disorganization of the th1+ cells was noticed. 
Further, th1 cells in all clusters appear scattered rather than well organized. Defects in the 
proliferation of neural progenitors as described above could explain this disorganization 










Fig. 22.  Analysis of miRNA130a’s effect on differentiation of dopaminergic neurons. In situ 
hybridization with th1 riboprobe was carried out to detect the effects of miRNA130a on DA neuronal 
differentiation. (A, B, C) are lateral views of embryos, left panel shows wild-type (A, A’, A’’), center 
panel shows miRNA130a over-expressing embryos (B, B’, B’’) and right panel shows sense strand 
injected control embryos (C, C’, C’’).  While other images show dorsal views of region boxed in (A, B, 
C). th1+ neurons in the midbrain can be classified into three clusters and further subdivided into cr1, cr2 
and cr3 for the right side and cl1, cl2 and cl3 for the left side. Over-expression of miRNA130a resulted in 
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4.6 In vivo validation of her12 as target for miRNA130a 
To elucidate the physiological target interaction of miRNA130a in vivo, I followed an 
approach described by Choi et al. (2007). These authors developed a method to disrupt 
the interaction between miRNA430 with its target mRNAs. They designed Morpholino 
antisense oligonucleotides directed against the miRNA430 binding region in the 3’ UTR 
of lefty (lft) and squint (sqt) (MO lft, MO sqt). To visualize the interaction between 
miRNA430 and lft or sqt, the 3’UTRs of the respective genes were cloned downstream of 
GFP in an expression plasmid (lft/sqt-GFP reporter). Blocking the miRNA:mRNA 
interaction with antisense Morpholinos protected the target mRNA successfully from 
miRNA regulation (target protector). To detect the miRNA430/sqt interaction in vivo, 
zebrafish embryos were co-injected with sqt-GFP reporter and siRNA430a. The latter 
repressed sqt-GFP mRNA and hence no fluorescence could be observed. In embryos co-
injected with sqt-GFP mRNA together with sqt-Morpholino and siRNA430a, the MO-sqt 
blocked siRNA430a binding to the sqt mRNA. This blocked mRNA degradation 
resulting in the maintenance of a fluorescence signal. Similar results were obtained, when 
embryos were injected with lft-GFP mRNA together with MO-lft and siRNA430a. 
Moreover, mutations in the binding region of miRNA430a made it resistant to miRNA 
mediated repression. From the above experiments, the authors concluded that target 
protection can be used as an approach to analyze the in vivo roles of specific 
miRNA:mRNA interactions (Choi et al, 2007).  
To validate her3, her12, and cand1 as possible targets for miRNA130a, the 3’UTRs of 







vector pCS+ and analyzed for GFP expression through sensor assay and Western blot. 
her3 and her12 each contain one miRNA 130a binding site in its 3’-UTR, while cand1 
contains two binding sites in its UTR. 
4.6.1 GFP sensor assay 
The eGFP sensor constructs containing her3, her12 and cand1 3’ UTR target sequences 
were used to test for the activity of miRNA130a in repressing eGFP expression. One-cell 
stage zebrafish embryos were injected with 100 ng/µl capped eGFP reporter mRNA 
(sensor construct) in combination with either siRNA130a or its complementary sense 
strand as negative control. Co-injected RFP mRNA was used as loading or injection 
control and embryos were analyzed for fluorescence between 18-20 hpf.  
Decreased GFP fluorescence was observed when eGFP containing the 3’-UTR of her12 
in the downstream region was coinjected with siRNA130a (Fig. 23A). In contrast, no 
change in GFP fluorescence was detected when the her12 construct was co-injected with 
the sense-strand of miRNA130a (Fig. 23A). Importantly, RFP fluorescence as loading 
control remained unchanged and showed the same intensity in both batches. This 
indicates that the her12 sensor construct is strongly repressed by miRNA130a, while it 
remains insensitive towards the sense strand. For her3 and cand1 constructs, co-injection 
of either siRNA130a or sense strand had no effect on GFP or RFP fluorescence. In some 
embryos coinjected with the cand1 sensor and siRNA130a a slight decrease in GFP 
fluorescence signal was observed. However, these differences could be due to low 







fluorescence. Inhibition through endogenously present miRNA130a was unlikely to occur 
as miRNA130a is only expressed after 48 hpf (page no. 67). 
 
	  
     
Fig. 23. miRNA130a target validation. Sensor assay to reveal interaction of miRNA130a with 
predicted targets through fluorescence observation. mRNA containing the 3’UTR of the predicted 
target gene cloned downstream of the eGFP was co-injected either with the siRNA130a duplex or a 
control sense strand along with RFP mRNA as  loading control. Embryos were analyzed for 
fluorescence between 18-20 hpf. Note decreased GFP fluorescence when the her12 construct was 
co-injected with siRNA130a while strong GFP expression was observed after co-injection with the 










4.6.2 Western blot 
To confirm the results obtained from the sensor assay experiment, protein lysates were 
prepared from different batches of injected embryos between 18-22 hpf and subjected to 
Western blot analysis (Fig. 24). Injections were performed similar to the fluorescent 
visualization method. Embryos were sorted on the basis of uniform RFP fluorescence 
without considering GFP levels. During Western blot analysis, RFP detection was 
performed first. After the detection of the RFP signal, the same blot was re-used for both 
eGFP and ß-actin detection after stripping. Similar to the sensor assay, also in the 
Western analysis, a 1.6 fold decrease in the intensity of GFP was observed in the 
embryos co-injected with siRNA130a and her12 sensor (Fig. 24 B) after normalization 
with both ß-actin and RFP. In contrast, no significant reduction was observed in sense-
strand controls. These results were further confirmed through in situ hybridization with 
her12 riboprobes.  
4.6.3 In situ hybridization analysis of her12 in miRNA130a over-expressing embryos  
To analyze, whether dynamic expression of her12 is affected by miRNA130a knock-
down and over-expression, RNA in situ hybridization with a her12 riboprobe was carried 
out. In the morphants, lower concentrations of miRNA130a were expected to result in 
increased her12 availability. However, three types of variations in her12 expression were 
observed in morphants: reduced her12 expression (in 9 out of 18 embryos), increased 
her12 expression (in 4 out of 18 un-injected embryos) and unchanged her12 expression 
(in 5 out of 18 un-injected embryos) resembling the wild-type pattern (Fig. 25A). In 







expression in the hindbrain (in 19 out of 21 embryos) similar to the situation for dlA, 
notch3 and ngn1. Low levels of her12 were observed in all rhombomeres and even 
complete absence of her12 was evident in the lateral regions as indicated with black 
asterisk in (Fig. 25C), while the medial regions remained unaffected (black arrowhead). 
Together, with the fluorescence assays and Western blots analysis, this depletion of her12 
transcription after miRNA130a over-expression provides further, evidence that her12 is 
targeted by miRNA130a in vivo. 
  
                                         
Fig. 24. miRNA130a target validation.  Western blot analysis of embryos co-injected with siRNA130a 
and GFP sensor construct containing the predicted target UTRs. RFP and ß-actin were used as controls. 
Asterisks indicates GFP specific band while white arrowhead indicates non-stripped residual RFP 












black square brackets) in her12 samples after normalization with ß actin and RFP, and image J analysis. 
Note that, similar to the result obtained in the fluorescence sensor approach, a decrease of 1.6 fold 























Fig. 25. miRNA130a target validation. In situ hybridization with her12 riboprobe was carried out to 
detect the effects after miRNA130a over-expression. (A, B, C) Dorsal views of her12 expression 
taken at same magnification. Black open brackets highlight the hindbrain region. Asterisk represents 
absence of radial her12 expression in the hindbrain while increased medial her12 expression region is 
indicated with black arrowhead. Note that over-expression of miRNA130a leads to significantly lower 
levels of her12 expression along with absence of lateral expression domains in the hindbrain when 







5.  Discussion 
______________________________________________________ 
5.1 The miRNA130 family in zebrafish 
miRNA130 has so far been reported only in vertebrates and it is likely to be a vertebrate 
specific miRNA. The complete gene sequence of miRNA130a has been identified only 
very recently through large scale sequencing. For this, libraries of small mRNAs were 
prepared from developmentally staged zebrafish embryos and then these libraries were 
sequenced. A total of 154 distinct miRNAs were found to be expressed from 343 miRNA 
genes. From these sequencing results, the authors deposited a complete miRNA130a 
sequence in the miRBase database (Accession number: MI0001984 ID: dre-miRNA-
130a-1) (Chen et al, 2005). In the above page, it was mentioned 369 miRNAs 
corresponding to 168 different miRNA genes in zebrafish, these discrepancy arises due to 
initial submission of miRNAs in the miRBase registry and predictions of noncoding 
small mRNAs in the experiments. Still, there is no standard consensus to assign miRNA 
gene and its promoter, which is yet to be established (Zhou et al, 2007). This could 
explain the discrepancies. In brief, to maintain proper sequence information and updates 
on new miRNAs discovery miRBase, a web interface has been created, the primary aims 
of the miRNA registry are to avoid overlap of gene names. miRNAs are assigned with 
numerical identifiers based on their discovery sequence. New miRNA with no similarity 
to previously identified sequences were given new identifier. If they originate from 
separate genomic loci in a given organism they were given numerical suffixes, (miRNA 







(miRNA-181a and miRNA-181b). To determine which arm of the precursor gives rise to 
the predominantly expressed miRNA, an asterisk has been used to (miRNA-56 and 
miRNA-56*). For zebrafish, it was registered as 369 miRNAs corresponding to 168 
miRNA genes. But, when small RNA libraries were prepared from the total RNA from 
the developmentally staged zebrafish, 7835 small RNA clones sequenced, 4658 (59%) 
annotated as miRNAs. These are 154 miRNAs map to 343 unique miRNA precursors. 
Dre-miRNA130a is located in the first intron of the gene encoding Spindle and 
Kinetochore-associated protein2 (SKA2_DANRE) and clustered on chromosome 10 
along with five other miRNAs, dre-miRNA454a, dre-miRNA130a2, dre-miRNA301a2, 
dre-miRNA130a1, and dre-miRNAN301a1. The miRNA130 family consists of five 
members, miRNA130a1, miRNA130a2, miRNA130b1, miRNA130c1 and miRNA130c2 
and the mature miRNA130a sequence is highly conserved in vertebrates (Table. 4). Pre-
miRNA sequences for both miRNA130a1 and miRNA130a2 are identical whereas in 
other members some nucleotide differences exist. However, the mature sequence is 
almost identical in all members (Fig. 25) 
    Table 4. Conservation of mature miRNA130a sequences in different organism 
Accession number Organism        Sequence 
MI0001984 Danio rerio  54-CAG UGC AAU GUU AAA AGG GCA U-75 
MI0000448 Homo sapiens 55-CAG UGC AAU GUU AAA AGG GCA U-76 
MI0000156 Mus musculus 42-CAG UGC AAU GUU AAA AGG GCA U-63 
MI0000903 Rattus norvegicus 55-CAG UGC AAU GUU AAA AGG GCA U-76  








  dre-miRNA130a2   UACUGAUAACCCAGUUAUUAAAG CAGUGCAAUGUUAAAAGGGCAUU GGCCAGGGA----- 85 
  dre-miRNA130a1   UACUGAUAACCCAGUUAUUAAAG CAGUGCAAUGUUAAAAGGGCAUU GGCCAGGGA----- 85 
       
  dre-miRNA130a1   UACUGAUAACCCAGUUAUUAAAG CAGUGCAAUGUUAAAAGGGCAUU GGCCAGGGA----- 85 
  dre-miRNA130c1   UACUGG----CCAAUCAGAAGAG CAGUGCAAUAUUAAAAGGGCAUU GGCUGAUAGAACA- 116 
 
  dre-miRNA130a1   UACUGAUAACCCAGUUAUUAAAG CAGUGCAAUGUUAAAAGGGCAUU GGCCAGGGA----- 85 
  dre-miRNA130c2   UACUGU----GCAGUCAGAUGAG CAGUGCAAUAUUAAAAGGGCAUU GGCUGACAA----- 81 
 
  dre-miRNA130a1   UACUGAUAACCCAGUUAUUAAAG CAGUGCAAUGUUAAAAGGGCAUU GGCCAGGGA----- 85 
  dre-miRNA130b    UACUGUGGGAGCUG-CAGCAAAG CAGUGCAAUAAUGAAAGGGCAUC AGUCCACUG----- 84 
 
Fig. 25. Sequence conservation within the pre-miRNA130a family. Nucleotide colored in 
purple indicate mature miRNA130a1 sequence, red nucleotides represent differences with miRNA130a1, 
green nucleotides represent similarities, while blue nucleotides represent differences within the mature 
miRNA 130a sequence.  miRNA130a1 and miRNA130a2 are identical whereas in other members some 
nucleotide differences exist. However, the mature sequence is almost identical in all members. 
 
To elucidate the roles of miRNAs during early developmental decisions, Houbaviy et al. 
(2003) cloned 20-26 nucleotide RNAs and constructed miRNA libraries from 
undifferentiated and differentiated mouse embryonic stem cells (ES). A total of 39 
miRNAs were analyzed and their expression was confirmed through Northern blot. These 
authors reported that miRNA130a has a separate promoter and thus is independently 
transcribed as intergenic miRNA and broadly expressed, e.g. in undifferentiated as well 
as differentiated embryonic stem cells. They also assumed that miRNA130a levels 
remain relatively constant in undifferentiated cells, but are absent in adult tissues and thus 
are likely to have ES cell specific functions. miRNAs with constant levels in both 
undifferentiated cells and adult tissues are considered to regulate general aspects of cell 
physiology such as cellular metabolism, molecular transport, etc. (Houbaviy et al, 2003). 
In mouse brain sections, abundant miRNA130a levels were detected through LNA 







irreversibly immobilizes microRNAs at their 5’ phosphate (Pena et al, 2009). Very 
recently, Hoesel et al. (2010) performed in silico analysis with mouse, human and 
chicken Delta-like1 (Dll1) sequences and found that 16 miRNAs including miRNA130a 
potentially bind to its 3’UTR. Among these 16 predicted miRNAs, seven miRNAs were 
found to be expressed in the developing somites, limbs, and restricted regions of the brain 
and neural tube between day 9.5 and 12.5 (miRNA130b, miRNA34a, miRNA103, 
miRNA107, miRNA449a and miRNA449c). By comparing these expression patterns the 
authors assumed that these seven miRNAs are likely to regulate Dll1 levels  (Hoesel et 
al, 2010).  
In zebrafish, 369 miRNAs corresponding to 168 different miRNAs genes were registered 
in databases. Many of the conserved miRNAs show organ specific expression at late 
stages of embryonic development (Giraldez et al, 2005). Northern blot analysis with 
total RNA extracted from different developmental stages and adult tissues in zebrafish 
showed that miRNA130a/b/c are expressed ubiquitously. At 24 hpf, miRNA130a showed 
very weak expression, but at 48 hpf expression was increased. Later, constant expression 
levels were maintained for 5 days (Kloosterman et al, 2006). Consistent with these 
previous findings made by Northern blot analysis, in my experiments using LNA in situ 
hybridization miRNA130a also showed broad expression including elevated levels in the 
central nervous system, particularly in the brain. At 24 hpf, miRNA130a expression was 
found to be below detection limit.  








From my bioinformatic target prediction, her3, her12 and cand1 appeared to be possible 
targets for miRNA130a. Both her12 and her3 are downstream components of Delta-
Notch signalling, while cand1 is involved in the degradation of the Notch Intracellular 
domain (NICD). Moreover, neuron development requires coordination of cell 
proliferation and cell differentiation which is mediated by the Delta-Notch signaling 
pathway (Ahmad et al, 1997). In the zebrafish hindbrain, it was shown that non-
boundary cells express Delta which interacts with Notch receptors on the boundary cells. 
This results in a block of cells migration of in the boundary region to non-boundary 
regions and vice-versa  (Qiu et al, 2009). Thereby, a balance is established between 
proliferation of progenitors in the boundary region and differentiation of neurons in the 
non-boundary region (Cheng et al, 2004). Furthermore, the expression of delta, notch 
and her genes overlap in the hindbrain, which makes this an ideal region to study miRNA 
interactions.  
The knock-down of miRNA130a resulted in an increase in the number of mitotically 
active progenitors along with a disorganized pattern of these progenitors in the hindbrain. 
Furthermore, mitotically active cells were seen in regions where they are not found 
during earlier or later stages of development. Similarly, in transgenic gata2:GFP fish, a 
disorganized distribution of the GFP positive progenitors in the hindbrain was observed 
after miRNA130a knock-down. It is likely that these disorganized cells in the morphant 
hindbrain are progenitors as differentiated cells do not migrate. Along with this increase 
in mitotically active progenitors and the disorganized pattern in the hindbrain, knock-







expressed in neural precursor cells but excluded from differentiating and mature neurons 
that are positive for HuC/D. This implies that the dlA positive cells are neural precursors 
that are in the process of making a fate commitment and have not yet begun to 
differentiate into mature neurons. It indicates that miRNA130a is required for restricting 
the proliferation of neural progenitors. This is further supported by experiments using 
over-expression of miRNA130a which resulted in reduced proliferation and smaller pools 
of neural progenitors. Thus, miRNA130a is required to keep proliferation in check to 
limit the number of neural progenitors. 
5.3 miRNA130a is required for differentiation of neurons 
Knock-down of miRNA130a resulted in the increased expression of dlA and ngn1 which 
indicates the presence of more neuron precursors. High levels of dlA and ngn1 allow 
neuronal precursors to exit the cell cycle and differentiate early. However, although there 
were more progenitors after knock-down of miRNA130a, surprisingly, these progenitors 
did not differentiate into mature neurons and thus neuronal differentiation was reduced. 
This suggests a second function for miRNA130a which seems indispensible for forcing 
early neural precursors into differentiation. If miRNA130a is required to restrict neuron 
progenitor proliferation and allow differentiation, forced over-expression of miRNA130a 
should lead to limited proliferation and precursor formation and hence reduced dlA and 
ngn1 expression. This was exactly what we observed. As a consequence, I also expected 
to see a decrease in differentiation markers (HuC/D) in the over-expressing embryos. 
However, contrary results were obtained, i.e. unexpectedly an increase in differentiation 







differentiation of neurons, evident by an increase in the expression of HuC/D, isl1 and 2 
and acetylated tubulin from the fewer neuronal progenitors present as indicated by less 
dlA and ngn1 expression. This further supports a second function of miRNA130a, namely 
forcing progenitors into differentiation.  
5.4 miRNA130a targets her12 and mediates Delta-Notch activity 
From my bioinformatics target prediction, her12, her3 and cand1 appeared as possible 
targets for miRNA130a. That her12 is indeed a target for miRNA130a in vivo was 
confirmed through (i) fluorescence sensor assay (ii) Western blot and (iii) the effect of 
over-expression of miRNA130a on her12 transcript levels. From experiments using over-
expression of miRNA130a, it appears her12 is degraded in the radial region. However, 
this is difficult to conclude as absence of her12 could also be due to reduced numbers of 
her12 cells. All three assays revealed that her3 and cand1 are unlikely to be good targets 
for miRNA130a. One reason why her3 and cand1 were not regulated by this miRNAs 
other than predicted through bioinformatics approach could be for example the masking 
by RNA binding proteins which would make the 3’UTR inaccessible for miRNA130a 
binding.  
My studies showed that miRNA130a affects Delta-Notch signalling both in an expected 
and unexpected fashion. First, the number of neural progenitors increased after 
miRNA130a knock-down. This could be explained by the increased availability of her12 
after miRNA130a knock-down, as expected from the current model for Delta-Notch 
activity (see Fig. 4), which led to the promotion of progenitors expressing pcna and pH3. 







genes (dlA, ngn1) were also up-regulated after knock-down of miRNA130a. This can be 
explained by the fact that more notch expressing progenitors are formed that are destined 
to differentiate but cannot do so because miRNA130a is required to be present for their 
differentiation. Therefore, in the absence of miRNA130a after Morpholino knock-down 
these cells become arrested in their progenitor state.  I speculate that this is very likely 
not mediated via her12 and reflects the second function for miRNA130a besides 
progenitor restriction. In general, miRNAs often exhibit different functions as they 
usually regulate more than one gene (Bernstein et al, 2003). For miRNA130a, two 
different mRNAs were reported as targets and both are involved in angiogenesis (Chen et 
al, 2008). In addition miRNA130a also co-operates with other miRNAs in reinforcing 
target gene expression (Lee et al, 2008). It has been reported that miRNA130a 
downregulates GAX expression and antagonizes G0/G1 cell-cycle arrest which is 
attributed for GAX. At the same time it also down-regulates expression of HOXA5, 
another anti-angiogenic homeobox gene. By down regulating these two target mRNAs, 
miRNA130a promotes angiogenesis (Chen et al, 2008), My study in addition  now 
clearly shows that miRNA130a also promotes neurogenesis.  
6.  Working model for miRNA130a mediated neurogenesis 
 I propose that miRNA130a is required for limiting neural progenitor proliferation and 
allowing neural differentiation (Fig. 26). This balance is achieved through fine tuning by 
two independent features of miRNA130a. One feature is the repression of one of its 
target, her12. The second feature is positive regulation of either neural differentiation 







miRNA124). In the absence of miRNA130a, her12 levels increase and as a result cells 
remain in the progenitor state. These progenitors however, cannot further differentiate 
and are arrested at this stage as evident by increased expression of proneural genes such 
as dlA, ngn1 and notch3 and proliferation markers like pH3. As the second function of 
miRNA130a (positive regulation) is blocked after knock-down, defects in the formation 
of newly born neurons stained by HuC/D and neuron maturation (AcTubulin) were 
observed. Vice-versa, after miRNA130a over-expression, her12 levels decrease, which 
results in impaired lateral inhibition or deficient Notch signalling and as a result 
precocious differentiation occurs, which obviously results in misspecification of neural 
precursors. These mis-specified precursors, in the presence of available differentiation 
factors, mature into neurons as can be seen by an excess of HuC/D and acetylated tubulin 
expressing neurons. These precursors show a decrease in the expression of proneural 
genes (dlA, ngn1 and notch3) and a decrease in mitotic markers (pH3). miRNA130a is 
expressed ubiquitously throughout the brain. These two independent functions as outlined 
above allow to regulate neuronal differentiation to various extents in different brain 
regions, which would explain the observed decrease in the number of dopaminergic 











Fig. 26.  miRNA130a is needed for proper neural progenitor proliferation and neural differentiation.  
Green arrow bar in each figures represent the extent of neurogenesis in wild-type (A), knock-down (B) and in 
the miRNA130a over-expression (C). her12 levels in the above conditions are represented in green color 
gradient in clock-wise rotated triangles, while purple color within the triangle demarcates the threshold level. 
Fine tuning is achieved through balanced regulation of its negative and positive functions.  It represses her12 
thereby limiting neural progenitors proliferation, while on other hand it promotes neural differentiation 
possibly in synergism with other miRNAs involved in neural differentiation (e.g. miRNA9, miRNA124). (A) 







committed for differentiation. Once their fate is determined, other neural differentiation factors will help in 
differentiation and maturation. Black arrows mark the two different functions of miRNA130a. (B) Situation 
after miRNA130a knock-down. In the absence of miRNA130a, her12 levels increase. As a result neural 
precursors remain in the progenitor state. These progenitors, however, are arrested at this stage and cannot 
further differentiate after miRNA130a knock-down. This leads to defects in newly born neurons and less 
neurons will be formed. (C) Situation after miRNA130a over-expression. After miRNA130a over-
expression, her12 levels decrease which results in impaired lateral inhibition and reduced numbers of neural 
precursors. Due to excess miRNA130a activity, these fewer precursors are efficiently forced to differentiate 
into neurons. Over-expression of miRNA130a accelerates neuron differentiation, which further deplenishes the 
precursor pool 
 
Neural differentiation is an irreversible process and thus transition of mitotic progenitors 
to post-mitotic neurons cannot be reversed. As a consequence, stringent regulation at the 
level of the early precursors is needed (Geling et al, 2003; Geling et al, 2004). With 
miRNA130a, I have identified an important miRNA that plays a crucial role in this 
process by maintaining the balance of neuron progenitors and mature neurons. 
7. Future experiments 
1. In situ hybridization along with the fluorescence assays and Western blots analysis 
indicated that her12 is a target for miRNA130a.To cross validate the target, knock-down 
and over-expression of her12 should be carried out to test whether her12 knock-down 
can phenocopy the effect of miRNA130a knock-down while reintroducing active her12 
can bypass the dampening effect of miRNA130a knock-down. However, it is also 







miRNA130b1, miRNA130c1 and miRNA130c2) and her genes would nullify the 
phenotypes due to their redundant nature.  
2. miRNA130a is a gene family. Knock-down of other members of the miRNA130a gene 
family and their regulation of her12 levels will lead us to understand the role of this gene 
family in the context of her12 regulation, which will be intriguing to explore. 
3. miRNA130a over-expression resulted in disorganization and less dopaminergic 
neurons in the midbrain clusters. This is contrary to the situation in the hindbrain, where 
more numbers of neurons were observed. Is this difference due to her12 or other 
neurogenic factors? Answering this will give us more insights on miRNA130a-mediated 
regulation of neurogenesis. 
4. Mature miRNA130a, 24 nucleotide sequence, in a continuous three repeats were 
cloned downstream of GFP i.e. miRNA 3T (130a), (3T represent, continuous three 
repeats of 24 nucleotide sequence) for assessing the specificity of morpholinos and 
siRNAs. Capped mRNA were prepared and coinjected into the embryos. When the 
mRNA co-injected with siRNA alone, no GFP expression was observed (data not 
shown), as siRNA binds to the 24 nucleotide sequence and degrades the mRNA. But, 
when mRNA co-injected together with morpholino and siRNA130a, no change in GFP 
should observed, as morpholino nullify the effects of siRNA130a. However, mosaic GFP 
expression was noticed (data not shown). It could be due to binding affinity differences 
between morpholinos and siRNA in vivo. To assess the specificity, instead of observing 







5. It was difficult to quantify the three predicted targets for miRNA130a in the above 
Western blot, to make sure there is no obvious change in protein levels of other target, 
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